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ABSTRACT 
AMY L. WAGGENER:  The Chlorophyll-a Maximum of the Neuse River Estuary, North 
Carolina, U.S.A.: Nutrient Dynamics and Trophic Interaction at the Most Productive Region 
of the System 
(Under the direction of Dr. Hans W. Paerl) 
 
Often, in the eutrophied subtropical lagoonal Neuse River Estuary, a relatively large 
proportion of the total phytoplankton is located in a compact area, the chlorophyll a 
maximum (Cmax).  This productive zone was investigated using bioassays to determine its 
response to nutrient pulses (nitrogen and phosphorus) and as a conduit of trophic transfer to 
mesozooplankton, especially copepods.  The Cmax and nearby waters generally were 
nitrogen limited.  Both nitrogen and phosphorus addition caused phytoplankton carbon to 
nutrient molar ratios to decrease accordingly when that nutrient was limiting and often when 
it was not.  Nauplii were identified as potentially important NRE grazers.  Phytoplankton 
elemental content was found to influence trophic transfer, with high nutritional quality 
phytoplankton necessary for, but not guaranteeing, copepod success.  Both nitrogen and 
phosphorus enrichment influenced copepod growth and abundance.  In the context of water 
quality, relationships between eutrophication, phytoplankton distribution, copepod food 
quality, and carbon and nutrient fate are discussed.   
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1 Chapter 1                                                                         
Introduction and Background 
1.1 Overview 
The research described herein is intended to increase our understanding of estuarine food 
web dynamics, improve predictive models of ecosystem response to anthropogenic 
perturbations, and contribute to more efficient environmental management.  The need for 
effective management to mitigate environmental problems intensifies as coastal ecosystems 
increasingly experience anthropogenic nutrient enrichment and climatic perturbations 
(Vitousek et al. 1997, Goldenberg et al. 2001, Peierls et al. 2003, Paerl 2005).  Understanding 
the processes controlling and sustaining the productivity and trophic interactions of estuarine 
ecosystems is paramount to measuring and mitigating human nutrient impacts (Nixon 1995, 
Boesch et al. 2001, Cloern 2001).   
The sustained economic and aesthetic values of our coastal assets depend upon our 
ability to unravel the processes influencing these dynamic systems and translate these 
findings into pragmatic and effective management strategies.  Effective management is built 
on both a conceptual and mechanistic understanding of the patterns of ecosystem change. 
Commercial fishing contributes ~$20 billion annually to the US GNP and employs ~360, 
000 people (Stedman and Hanson 2000).  Recreational freshwater and saltwater fisheries 
provide similar earnings and support almost 1 million jobs (Stedman and Hanson, 2000).  
About 94% of the commercial fish and shellfish harvested along the southeast US Atlantic 
coast are dependent on estuaries and the wetlands that are an integral part of estuarine 
ecosystems (US Department of the Interior and Commerce 1993).   
North Carolina is home to the nation’s second largest estuarine ecosystem and one of the 
nation's most important fisheries habitat resources, the Albemarle-Pamlico Estuarine System 
(APES) (Fig. 1).  The APES is the State's preeminent commercial and recreational fishing 
resource, providing thousands of NC coastal inhabitants with full-time jobs (Stedman and 
Hanson 2000).  It also serves as a major tourism and recreational region.   
The estuarine waters and wetlands of the APES provide critical nursery areas and food 
for more than 75 species of fish and shellfish, including the most commonly fished species: 
sea trout, flounder, blue crab, menhaden, and shrimp (Stedman and Hanson 2000).  
Maintaining food sources and habitat that can support these and other estuarine-dependent 
species is essential to the continued economic and ecological success of our coastal regions.  
Yet, the estuaries' biological integrity and natural resources are threatened by human nutrient 
pollution (Vitousek et al. 1997).   
At least 75 percent of the world’s human population now lives in coastal watersheds 
draining through estuaries, and this population is expected to continue to increase (Vitousek 
et al. 1997).  Closely linked to population density, nutrient pollutants discharged to estuaries 
draining these watersheds shift established trophic relationships by altering primary 
productivity, biodiversity, habitat quality and food web interactions (Vollenweider 1982, 
Peierls et al. 1991, Smetacek et al. 1991, Nixon 1995, Boesch et al. 2001, HJ Heinz III CSEE 
2005).  The largest tributary of the APES, the Neuse River Estuary (NRE) (Fig. 1), has 
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recently experienced nuisance algal blooms, hypoxia, fish kills, and an overall decline in 
water and habitat quality (Copeland and Gray 1991, Paerl et al. 1998).  It has been 
hypothesized that these problems are caused by modified trophic relationships and primary 
productivity brought on by nutrient over-enrichment (Peierls et al. 1991, Paerl et al. 1998, 
Stow et al. 2000).  This impacted system has experienced a 45% increase in point sources 
and a 135% increase in non-point sources of nitrogen (N) and phosphorus (P) since the 
1960's, reflecting a nearly 40% human population increase in the Neuse River watershed 
over the same time frame (Stow et al. 2001).   
To elucidate the effects of human forcing on ecosystem function, seasonal nutrient 
addition bioassays are described herein.  Based on phytoplankton biomass distributional 
responses, this research experimentally analyzed carbon (C) and nutrient pathways and fates 
with respect to lower trophic level interactions (phytoplankton and zooplankton) in the 
context of anthropogenic nutrient loading.  Because the NRE is meso/eutrophic, and is well 
characterized and currently surveyed and assessed by an intensive modeling and monitoring 
program called ‘ModMon’, it is well-suited for this type of research (Reckhow and Gray 
2000, Luettich et al. 2000, Paerl et al. 2004).  Additionally, previous bioassays in this system 
provide a background and perspective for this research (Paerl et al. 1995; Pinckney et al. 
1999; Rudek et al. 1991, Piehler et al. 2002, Richardson et al. 2001).  The objective of this 
work is to develop both a basic understanding of and rational for nutrient management of this 
fragile system by determining growth responses to nutrient loading, at both the primary and 
secondary trophic levels, focusing on the area of highest primary productivity and 
phytoplankton biomass, the chlorophyll a maximum or Cmax. 
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1.2 Characteristics of the Neuse River Estuary, including Cmax  
The NRE is the largest sub-estuary of the APES (Fig. 1).  The APES, the nation's largest 
lagoonal system, drains 80,000 km2 of the state's most productive and rapidly growing urban, 
agricultural, and industrial areas of North Carolina. The NRE portion of this system has been 
classified as meso/eutrophic (~300 g C m-2 y; Paerl et al. 1995), receiving the majority 
(~80%) of its nutrient pollution via non-point sources (Stow et al. 2001).  Because the APES 
is bounded by barrier islands having only a few inlets, exchange of water and lunar tides is 
highly constrained (Giese et al. 1979, Pietrafesa et al. 1996).  The NRE is microtidal, with 
freshwater discharge and atmospheric forcing incurring the only substantial tidal patterns 
(Robbins and Bales 1995, Reynolds-Fleming 2003).  The limited exchange with the open 
ocean of the larger lagoonal system, in concert with the estuary's large footprint (~5 km in 
width for the 40 km before the mouth), make it a slow flowing system with a low flushing 
rate (a few weeks to 3 months; Luettich et al. 2000).  Wind mixing throughout the water 
column is common in this generally shallow estuary (~3 m depth) (Goodrich et al. 1987).  
Freshwater pulses, high temperatures, and other factors often quickly re-stratify the system, 
however. 
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Figure 1.   The Neuse River Estuary, North Carolina, U.S.A., with ModMon sampling stations 
and Cmax locations. 
On the left, the mid-Atlantic states with the Albemarle-Pamlico Sound Estuarine System and the 
Chesapeake Bay Estuarine System is shown.  On the right, the Neuse River Estuary is shown with the 
ModMon project’s bi-weekly sampling stations in orange.  The stations are marked with the ModMon 
site sampling labels (0, 20, 30, 50, etc) and in parentheses the numbers of any navigational channel 
markers associated with the stations.  Station 0 is at the base of Street’s Ferry Bridge (SFB), about 80 km 
upstream from the mouth of the Neuse and Pamlico Sound.  For the 6 biosassays, the locations of the 
Cmax are marked sequentially in bold numbers 1-6 (as in text, with summer bioassays colored green).  
Water collection at T0 occurred at these locations.  Experiment 5 occurred 2 days after hurricane Alex 
brushed the North Carolina shore. 
 
 
The NRE exhibits classic symptoms of eutrophication, including nutrient-enhanced 
primary productivity, nuisance algal blooms, anoxia and hypoxia, fish kills, benthic habitat 
loss and an overall decrease in water quality (Paerl et al. 1998, Paerl et al. 2004).  Since 
phytoplankton contribute a large portion (~80%) of the new production in this system, 
chlorophyll a (chl a) concentration has been adopted as a proxy for measuring the state of the 
estuary (Paerl et al. 1998, US EPA 1990, NALMS 1992).  Chl a is the commonly used metric 
of phytoplankton biomass and has been the focus of many estuarine water quality 
assessments (Jeffrey et al. 1997, Bricker et al. 1999).  Generally this system is N limited 
(Paerl and Bowles 1987, Rudek et al. 1991, Boyer et al. 1994, Pearl 1995, and Pinckney et al. 
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1998).  Total maximum daily loads (TMDLs) of N based on chl a have been established in 
addition to legislation restricting nutrient (N) inputs (US EPA 1997, Paerl et al. 2006, NC 
DWQ 2001).   
Estuarine phytoplankton communities are generally controlled by nutrient loads, light, 
salinity, mixing, grazing, and residence time (Rice and Ferguson 1975, Lampert 1997).  They 
commonly accumulate in distinct zones where growth factors are optimized and grazing 
losses are minimized (Neilson and Cronin 1981, Kennedy 1984, Pinckney et al. 1997, Valdes-
Weaver et al. 2006).  The chl a concentrations along the length of the NRE often show a 
marked pattern of longitudinal distribution (Valdes-Weaver et al. 2004, ModMon 
unpublished data).  Frequently, monitoring shows the bulk of the total amount of chl a in the 
estuary is concentrated in a small area (Fig. 2) (Paerl et al. 2002, ModMon unpublished data).  
This feature of relatively high chl a concentrations is termed the chlorophyll a maximum or 
Cmax.  
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Figure 2.  Common chl a and salinity patterns associated with the NRE. 
ModMon NRE chl a and salinity transect data from July 30, 2003 (upper panel), October 6, 2003 (middle 
panel) and February 9, 2004 (lower panel) are shown as squares and triangles, respectively.  The x-axis is 
kilometers downstream from Street’s Ferry Bridge, the left y-axis is chl a in ug/L, and the right y-axis is 
salinity in parts per thousand.  These dates were chosen as examples of some typical NRE phytoplankton 
distributions.  Sometimes in the Neuse there is little pattern to chl a distribution (upper panel).  But like 
on the second two dates, often a large proportion of the total chl a in the NRE is centralized just 
downstream of where surface salinity values begin to rise above 0. 
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The Cmax is not constant; it changes in intensity and location (Fig. 2).  At times there is 
no Cmax in the estuary, when random or uniform chl a distributions occur (Fig. 2). At other 
times up to 70% of total chl a is confined to less than 10% of the estuary (ModMon 
unpublished data).  The Cmax has been recorded in almost all parts of the estuary, migrating 
up and downstream through time but is most often found in the mid estuary (Fig. 1 stations 
60 through 120) (Paerl et al. 1995, Luettich et al. 2000, Reckhow and Gray 2000, Valdes-
Weaver et al. 2006, ModMon unpublished data).   
As a localized concentration of phytoplankton, Cmax likely is a zone of high carbon (C) 
and nutrient flux rates.  The fate of phytoplankton biomass (C and nutrients) in the estuary is 
either transferred up the food web, deposited in estuarine sediments, or recycled into the 
water column.  Because Cmax supports a large proportion of the estuary’s new production, it 
is of considerable biogeochemical, ecological and water quality significance. 
1.3 Investigation of Cmax and its trophic role  
Presently, gross chl a concentrations (without regard for the relative distribution of chl 
a) are used to determine water quality in North Carolina's legislation/regulations and much of 
its eutrophication research (NC DWQ 2001, US EPA 1997).  Since, at times, a large percent 
of the estuary's primary production appears confined to the Cmax, understanding the spatial-
temporal dynamics of this feature has broad implications for understanding and ultimately 
managing eutrophication.  If water quality is increased by controlling chl a levels it seems 
prudent to attempt to effect change at the point in the river where chl a accumulates.  By 
reducing chl a concentrations at the Cmax the chl a levels of the Neuse as a whole would be 
significantly decreased.  Focusing nutrient management efforts on the Cmax, as opposed to 
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the sum total of the estuary, may result in drastically reduced chl a totals in the NRE, and 
hence be an efficient use of limited management resources.   
This is the first detailed effort to investigate the distribution, biogeochemical, and 
trophic role of the ecologically important Cmax, in the NRE.  The physical, biological, and 
chemical drivers that induce the NRE Cmax are not well understood.  A large part of this 
study's aim was to determine some of the unique characteristics of the Cmax and how this 
key feature responds to nutrient enrichment compared to other locations.  Nutrients, salinity, 
and other factors were related to distributions of natural phytoplankton and zooplankton in 
the estuary.  Phytoplankton biomass distribution, growth effects, and elemental content were 
investigated experimentally through time.  Although N limitation has been commonly 
demonstrated in similar experiments at various locations in the system, nutrient limitation 
with respect to chl a distribution had not been assessed. 
A second aim of this work was to relate nutrient fluxes, the Cmax, and trophic transfer.  
Management hinges on understanding factors controlling phytoplankton production and its 
fate.  The fate of phytoplankton is paramount to ecosystem function; i.e., whether 
phytoplankton C sinks to the bottom waters (contributing to low bottom water oxygen) or is 
grazed and transferred to higher trophic levels (Paerl et al. 1998, Hessen et al. 2004 Anderson 
et al. 2005).  As significant grazers of phytoplankton in the NRE, mesozooplankton are often 
the trophic link connecting important fisheries species to primary production (Mallin 1992, 
Mallin and Paerl 1994).  Because mesozooplankton are integral to ecological sustainability, 
mesozooplankton research was incorporated into this study to investigate trophic transfer 
between primary and secondary trophic levels in the NRE at and near the Cmax.  By 
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evaluating the NRE's productivity patterns and trophic dynamics, a more biologically-
relevant and efficient estuarine management strategy is achievable. 
This research gives evidence that nutrient pollution can have significant detrimental and 
nonlinear effects on estuarine ecosystems.  The fate of C and nutrients in these systems is 
critical to ecosystem function, influencing the potential yields of higher trophic levels and 
determining the extent of negative water quality feedbacks caused by retained C in the 
system.  Because the highest rates of C assimilation occur at the Cmax, this area and 
surrounding areas were assessed experimentally.  These experiments demonstrated nutrient 
pulses to the system produce changes in estuarine phytoplankton relative elemental content 
(stoichiometry) and phytoplankton stoichiometry can preclude copepod growth in estuarine 
waters.  With respect to C fate, phytoplankton stoichiometry (which is shaped by nutrient 
availability) can 1) influence potential trophic transfer by restricting copepod growth, 2) 
regulate C and nutrient assimilation and recycling by these grazers, 3) and control the manner 
and extent to which C and nutrients are exported from the photic zone to bottom waters.  The 
work described herein demonstrates that beyond the commonly assessed primary producer 
responses to nutrient pollution, calculating higher trophic level repercussions is critical to 
identifying solutions to estuarine ecosystem problems. 
1.4 The trophic link: food quantity and quality 
1.4.1 Phytoplankton as a food source  
In some systems, food quantity is the dominant driver of secondary production (Bertness 
et al. 2001) while in others food quality has been found to drive food chain efficiency 
(Sterner and Elser 2002).  Most analyses of population dynamics and trophic transfer hinge 
 10
on a generalized predator-prey model where food quantity determines populations and their 
interactions (Andersen et al. 2004).  Food quality is an important and easily measured aspect 
of trophodynamics that has substantial theoretical and practical implications; however, 
estimates of food quality have been underutilized in many ecological models and large-scale 
system analysis (Sterner and Elser 2002, Andersen et al. 2004, Moe et al. 2005).   
Food quality analysis recognizes that organisms are made of more than simply C and 
require other key elements, such as N and P, to grow and reproduce.  In order for higher 
trophic levels to use C from their food for growth and reproduction, certain essential 
elements in specific amounts must also be contained within their food (Sterner and Elser, 
2002).  A mismatch between food source elemental content and predator elemental 
requirements reduces trophic transfer (Jones, et al. 2002, Andersen et al. 2004, Anderson, 
2005).    
In the NRE, a substantial percent (∼80%) of primary production is generated by 
phytoplankton; hence they are of fundamental importance to higher trophic levels (Paerl et al. 
1998).  Phytoplankton nutritional quality as a food source for grazers is often measured by 
relative elemental content such as phytoplankton molar C:N and C:P ratios (Sterner and Elser 
2002).  The well known ratio of marine phytoplankton C:N:P as described by Alfred 
Redfield is 106 C: 16N: 1P (Redfield 1934).  Although the Redfield Ratio has become a 
geochemical and biological research cornerstone, this world average does not describe 
phytoplankton of all systems at all times (Falkowski and Raven 1997).  Ratios of 
phytoplankton have been shown to be quite flexible, changing with nutrient availability 
(Rhee 1978).  Some phytoplankton can store a sufficient amount of N to double their biomass 
and P to triple it (Raven 1984).  The elastic nature of phytoplankton C: nutrient ratios is 
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exploited here as a measure of nutritional content, whereby phytoplankton with low C 
relative to N or P content is nutritious food (Urabe and Watanabe 1992). 
Highly nutritious phytoplankton (low C:nutrient biomass ratios) at the base of the food 
web would be expected to facilitate high food chain efficiency while "junk food" 
phytoplankton (high C:nutrient biomass ratios (C: N: P much higher than the Redfield 
Ratio)) promotes low food chain efficiency.  Zooplankton require C and nutrients in specific 
relative amounts (ratios) because they must maintain homeostasis (Zauke et al. 1998, DeMott 
et al. 1998).  When a food source contains much more C relative to nutrients than required by 
the animal, zooplankton must dispose of relatively more of the consumed C (by excretion 
and respiration) than when consuming nutritious food (Anderson 1994, Kiǿrboe 1989, 
Anderson et al. 2005).  Of the biomass consumed, less C is retained and less C goes toward 
maintenance, growth and reproduction (Kuijper 2004).  Eating identical amounts of C can 
result in very different growth rates due to food nutrient content (Fox and Macauley 1977, 
Kuijper et al. 2004).   
If one compares an estuary to a car, phytoplankton are the 'fuel' of the ecosystem.  Food 
chain efficiency is the 'gas mileage' (how much phytoplankton is transferred to higher trophic 
levels per phytoplankton consumed) of the system.  High quality food (with relatively high 
nutrient content relative to C) results in an efficient food chain- transferring a greater percent 
of carbon eaten at the base of the chain to higher trophic levels. Thus, in an estuary, 
theoretically more fish production could be supported (Sterner and Elser 2002, Hare and 
Cowen 1997).  Low food chain efficiency reduces the amount of C moving up the food 
chain.   
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A large portion of consumed C goes to waste when food chain efficiency is low. The 
balance of the C enters the detrital pathway, and either sinks into the bottom waters (possibly 
contributing to low bottom water oxygen) or is mineralized in the water column (possibly 
accelerating primary production) (Anderson 1994, Hessen 2004, Anderson et al. 2005).
1.4.2 Copepods as grazers 
Effects of temperature, food availability, and predation are most often cited as causes of 
variations in life histories of mesozooplankton, specifically copepods (Williams and Reid, 
2001).  Additionally, food quality has also been shown to greatly affect copepods (Kiǿrboe 
1989, Anderson 1992, Carrillo et al. 2001, Kuijper et al. 2004).  A study on food quality by 
Cowles et al. specifically involved the major mesozooplankton species found in the NRE, 
Acartia tonsa, showing food selectivity for fast growing, high N containing algal cells 
(1988).  Jones et al. demonstrated higher growth efficiency in A. tonsa grazing on food of 
lower C: N ratios (2002).   
Stoichiometric relationships have been shown to influence biogeochemical cycling with 
possible repercussions for nutrient sequestration, food web services, and ecosystem status in 
some systems (Sterner and Elser 2002, Hessen et al. 2004, Moe et al. 2005, Anderson et al. 
2005, Ptacnik et al. 2005).  Disruption of carbon transport to valuable resources (fish) can 
occur due to stoichiometric change in food quality (Sterner and Elser 2002, Hare and Cowen 
1997, Ptacnik et al 2005). By altering phytoplankton C: nutrient ratios, changes in the 
relative amounts of nutrients entering a system affect copepod growth efficiency and trophic 
transfer (Kiǿrboe 1989, Jones et al. 2002).  
Stoichiometric effects on copepod growth efficiency cause ecological feedbacks to the 
system. Vertical flux of phytoplankton C and nutrients out of the photic zone is accelerated 
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by the compaction and packaging of this material, by copepods, into waste particles called 
fecal pellets (Smayda 1971, Turner 2002, Frangoulis et al. 2005).  Copepod fecal pellets are 
critical to C and nutrient transport out of the photic zone due to their fast sinking rates 
(Fowler and Knauer 1986, Frangoulis et al. 2005).   Food quality (phytoplankton C:N and 
C:P) can shape the C, N, and P content of fecal pellets, hence changing the C and nutrient 
flux to the benthos (Johannes and Satomi 1966, Honjo and Roman 1978, Anderson 1994, 
Frangoulis et al. 2005).  Furthermore, fecal pellet excretion rate has been negatively 
correlated with food C:P and C:N (Gulati and DeMott 1997, Anderson 1992, Frangoulis et al. 
2005).   
Studies in other systems show copepod waste to be important in particulate matter 
transport and cycling of C and nutrients (Knauer et al. 1979, Daly 1997, Turner 2002).  In the 
NRE the concomitant effects of food quality on pellet elemental content and pellet excretion 
rate could be responsible for a substantial amount of phytoplankton C transfer out of the 
photic zone.  A decrease in phytoplankton food quality brought on by a nutrient pulse may 
decrease transfer of C up the food chain (by altering food chain efficiency) as well as result 
in increased C transport to bottom waters (via fecal pellets). 
1.5 Bioassays 
The trophic transfer studies herein address three of the four arguably most influential 
factors affecting mesozooplankton: temperature, food availability, and food quality.  The 
fourth, predation, is excluded by the experimental design. Of the mesozooplankton, copepods 
specifically are the focus, with the most common copepod of the NRE being the calanoid A. 
tonsa.   
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It is unknown what the feedbacks are between eutrophication and food quantity and/or 
food chain efficiency in estuaries with respect to their trophic linkages.  Specifically, does 
accelerated eutrophication increase or decrease food quality?  Are C:N and C:P ratios in 
phytoplankton coupled to nutrient pulses, estuarine phytoplankton production and grazer 
abundance?  Does nutrient-rich food lead to an increase in zooplankton abundance, providing 
an efficient pathway for carbon up the food web?  Understanding the processes affecting 
trophic transfer in estuaries is fundamental to predicting changes in valuable fisheries and 
cost-effective mitigation of eutrophication-related problems such as undesirable algal blooms 
and hypoxia. 
Described experimental data are intended to give insight into the dynamics of NRE 
eutrophication as it affects C production and transfer with regard to nutrients, not just 
individually, but also relatively.  Used extensively in the past  (Paerl et al. 1995, Pinckney et 
al. 1999, Rudek et al. 1991, Piehler et al. 2002, Richardson et al. 2001), bioassays were 
performed over a 3 year period. These seasonal nutrient addition experiments simulated an 
inorganic nutrient pulse in the estuary, such as is caused by runoff after a storm.  Responses 
to nutrient pulses were analyzed specifically for evidence of effects to the Cmax zone and 
surrounding locations with respect to phytoplankton growth, elemental content and trophic 
transfer to mesozooplankton. The goal of these experiments was to increase our 
understanding of the trophic response processes underlying the link between 
anthropogenically-altered nutrient inputs, their impacts on primary producers, and 
subsequent cascading effects on higher trophic levels.  
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1.6 Basic Hypotheses Tested  
1. NRE phytoplankton are differentially nutrient limited at and around the Cmax. 
It was predicted that nutrient addition would stimulate phytoplankton growth (as 
measured by chl a) differentially upstream from Cmax, at Cmax, and downstream 
from Cmax.  Since this system has been shown to be largely N limited, it was 
predicted that a response would occur most commonly in the NO3 addition 
treatments. 
2. NRE phytoplankton elemental composition reflects nutrient conditions in the NRE. 
It was predicted that nutrient addition would produce a relative elemental content 
response in the phytoplankton, changing phytoplankton biomass C:N and C:P 
particulate ratios.   
3. Zooplankton food quality is a predictor of NRE trophic transfer. 
It was predicted that copepods at and around the Cmax are substantial grazers of 
phytoplankton and phytoplankton elemental ratios (C:N and C:P) correlate with 
mesozooplankton abundance, specifically copepod abundance.  Food quality of 
phytoplankton was predicted to correlate with copepod abundance and success (as 
measured by growth during the experiment). 
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2 Chapter 2                                                                                      
Methods 
 
2.1 Locating the Cmax 
The chl a distribution in the NRE was measured early on the first day of the experiment 
(referred to as T0 for time point 0), using a YSI 6600 multiprobe sensor (described below) to 
determine in vivo fluorescence 0.5 m below the surface.  Temperature, salinity, dissolved 
oxygen, in vivo fluorescence, conductivity, pH and depth were measured using a YSI 6600 
multiparameter water quality monitor (Yellow Springs Instruments, YSI Incorporated, Ohio).  
Measurements were taken longitudinally along the main stem of the NRE, where bi-weekly 
ModMon monitoring takes place (Fig. 1).  Additional sites (in between the regularly sampled 
stations) were also surveyed because phytoplankton distributions can be patchy.  The Cmax 
was defined as the site with the highest chl a concentration at 0.5 m depth as measured by in 
vivo fluorescence.  It should be noted that chl a can be highly variable with depth and that 
some phytoplankton, including of the Neuse, vertically migrate (Anderson and Stolzenbach 
1985, Hall et al., in prep).  0.5 m was chosen as the defining depth for these experiments for 
consistency with monitoring efforts and because many previous bioassays have used this in the 
past as their depth of water collection (ModMon Project, Piehler et al. 2002 and others) 
2.2 Water Sampling and Processing 
After locating the Cmax, water was collected using a diaphragm pump at 0.5 m depth.  
Since the swimming speeds of adult copepods enable them to swim against slow currents, they 
avoided capture by the diaphragm pump so only eggs and nauplii life stages were collected.  
Obtaining a faster pump was impractical at the time.  Beginning the experiments with only 
eggs and nauplii equalized the bioassays, increasing comparability across experiments.  Since 
each experiment began with mostly nauplii, bioassays were on level ground with respect to 
zooplankton life stage at T0.  This ‘level ground’ allowed for an easy measure of zooplankton 
success across experiments: how many nauplii grew into copepodites and copepods by the end 
of the experiment.    
Experimental water was collected from 3 locations, at the Cmax (Fig. 1), upstream from 
the Cmax at the closest regularly monitored station (Upstream), and downstream from the 
Cmax at the closest regularly monitored station (Downstream).  The 3 experimental water 
collection sites are referred to as Upstream, Cmax, and Downstream (capitalized) in this 
document.  Approximately 75 18 L carboys were used to transport the water to the Institute of 
Marine Sciences under tarps to prevent overheating and direct light exposure.  The water was 
then homogenized in three 80 gallon fiberglass drums (one per site) by gentle stirring.  Water 
was measured into 10 L portions and funneled into 10 L Cubitainers © (polyethylene ca. 80% 
transparent to photosynthetically active radiation (PAR; 400-700 nm), Paerl 1987).    
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2.3 Treatments and Experiments 
Methods used for executing the bioassays generally follow the methods of Rudek et al., 
1991.  Several forms of N (NO3, NH4, and urea ((NH2)2CO)), P (PO4), and combinations of N 
and P were added to the mesocosms in quadruplicate (n=4).  The 11 nutrient addition 
treatments are shown in Table 1.  The relative short durations of the experiments (72 hours) are 
appropriate to measure phytoplankton growth responses to nutrient additions before secondary 
factors become limiting, as well as minimize container artifacts (Paerl and Bowles 1987, Paerl 
et al. 1995, Pinckney et al. 1997, Rudek et al. 1991). Container size and replicate number were 
limited for practical reasons given the large scope of the experiments.  Container size and 
replicate number, in conjunction with the short experimental time period, however, limited 
identifiable responses of slower growing, lower concentration zooplankton.   
 
Nutrient treatments at each site
 Control
20 µM NH4
20 µM NO3
10 µM NH4 + 10 µM NO3
  5 µM PO4
20 µM NH4 +   5 µM PO4
20 µM NO3 +   5 µM PO4
10 µM NH4 + 10 µM NO3 + 5 µM PO4
20 µM  (NH2)2CO
20 µM  (NH2)2CO  +   5 µM  PO4
 
Table 1.  Nutrient additions 
Nutrient addition treatments performed on water from each site, Upstream, Cmax, and Downstream, are 
shown.  Combinations of nitrate (NO3), ammonium (NH4), phosphate (PO4) and urea ((NH2)2CO) were 
added to simulate nutrient pulses which occur in the estuary. Note the µM concentrations are final 
concentrations inside the experimental units.  They are concentrations of the nutrient (N or P) not the 
compound (for example, NO3). 
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The Cubitainers © were incubated in a man-made flow-through pond (water circulated 
from adjacent Bogue Sound) at the Institute of Marine Sciences to control irradiance and 
temperature.   Only 4 treatments, Control, +NO3 (+N), +PO4 (+P), and + NO3 & PO4(+N and 
P) are discussed here.  Six experiments (Exp) were performed: 1) July 2, 2003, 2) October 13, 
2003, 3) February 4, 2004, 4) April 19, 2004, 5) August 5, 2004, and 6) June 6, 2005 (1 per 
season plus 2 additional summer experiments).  These experiments are referred to in text, 
tables and figures as Exp 1-6 in this document.  
Three experiments stand out from the others methodologically.  For Exp 2, zooplankton 
samples were not analyzed.  Exp. 6 was an abridged experiment with only one site, Cmax.  
Finally, Exp. 5 had similar chl a concentrations as measured by in vivo fluorescence at all 3 
sites (chlorophyll was relatively homogenous and low at the time of the experiment), and upon 
more rigorous chl a analysis by extraction methods in the lab the "Downstream" site was found 
to have more chl a than the "Cmax" and "Upstream" sites.  The sites were re-categorized 
accordingly.  Data from the "Cmax" site was reclassified as "Upstream", data from the 
"Downstream" site was reclassified as "Cmax", and the data originally classified as "Upstream" 
is not used here.   
2.4 Experimental Analysis   
 Subsamples were taken from each Cubitainer© for analysis on the 1st, 2nd, and 4th days 
after the water collection (T1, T2, T4).  Error! Reference source not found. shows the 
bioassay sampling frequencies for the various parameters determined.  Chl a samples taken 
were measured using the modified in vitro fluorescence technique in EPA Method 445.0 
(Welshmeyer 1994). Dissolved inorganic nitrogen (DIN) (as the sum of nitrate plus nitrite 
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(NO  ) and ammonium (NH )) and phosphate (DIP) (as orthophosphate (PO )) were assessed 
as the filtrate passing through a GF/F glass fiber filter, using a high sensitivity autoanalyzer 
(Lachat Quick-Chem 8000).  The detection limit fo
x 4 4
r NO3+NO2= 0.26 µM, NH4= 0.31 µM, 
and PO4= 0.024 µM.  Particulate organic carbon (POC) and particulate nitrogen (PN) were 
measured by a Perkin-Elmer 2400 series II CHN analyzer.  Methodologies for these analyses 
are detailed in Peierls et al. 2003 and Paerl et al. 2005.  Particulate phosphorus (PP) was 
measured using the acid molybdate technique after high temperature digestion with 
persulfate (APHA 1985, Elser et al. 1995).  The data from the other parameters assessed as 
listed in Table 2 (primary productivity, DIC, DOC, and phytoplankton pigments) are not 
discussed here and hence neither are their methods. 
 
Parameter Time Point 
Nutrients (NO3/NO2, NH3, PO4) T0, T1, T2, T4
Chlorophyll a T0, T1, T2, T4 
Primary Productivity T0, T1, T2, T4 
DIC T0, T1, T2, T4 
CHN T0, T4 
Particulate Phosphorus T0, T4 
Phytoplankton Pigments (HPLC) T0, T4 
Zooplankton T0, T4 
  
Table 2.  Bioassay Subsampling Frequency 
Parameters measured and the frequency they were measured are listed.  The water collection day is 
labeled T0 and 72 hours later (4th day after water collection) is labeled T4. 
 
Parameters were measured throughout the 72 hour bioassays.  Table 2 shows the 
frequency each was performed (initial conditions=T0, after 24 hours= T1, after 48 hours= 
T2, and after 72 hours= T4.  Each day a subsample of water was taken from each 
experimental unit for these analyses. 
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 For zooplankton collection, zooplankton were strained from 7 L of water from each 
mesocosm through a 63 µm mesh Nitex screening.  The mesh was then rinsed into 4 oz. wide 
mouth jars using filtrate in a squirt bottle.  3 mLs of buffered 33% formaldehyde (formalin) 
were used to fix the samples.  Mesozooplankton were later enumerated microscopically.    
Length measurements were attained with an eyepiece reticle.  In most cases all zooplankton 
from the jars were counted.  Exp 6 mesozooplankton counting was done using subsamples 
taken with a 5 mL Hensen-Stempel pipette due to very high mesozooplankton abundances.  
A minimum of 4 pipette subsamples were counted per 100 mL concentrated fixed sample. 
2.5 Assumptions 
Several assumptions were made.  1) Experimental chambers and conditions are close 
enough to in situ conditions that the experimental data can be used to make predictions about 
the estuarine system.  Several legitimate arguments have been made concerning the ability of 
bioassays to replicate natural conditions (Hecky and Kilham 1988, Carpenter 1996).  
However, compelling information can be gleaned by employing bioassays, which on short 
time scales are capable of dissecting the system into smaller, more manageable, controlled 
units (Paerl 2002, Paerl and Bowles 1987).  Additionally, previous similar bioassays have 
been performed on this system successfully (Paerl et al. 1995, Pinckney et al. 1999, Rudek et 
al. 1991).  2) It was assumed that the measure of chl a is a proxy for evaluating 
phytoplankton quantity and growth response to nutrient addition.  Several studies have 
shown chl a concentration and biomass or POC do not always correspond identically under 
various conditions (Wetzel 1965, Weitzel 1979, Falkowski 1980, Prezelin and Matlick 1980, 
Geider 1987).  In these experiments all treatments experienced the same conditions, 
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including light regime.  Additionally, chl a concentration is a tool used widely by many 
researchers for the same purposes described herein (Jeffrey et al. 1997).  3) It was assumed 
that POC, PP, and PN measurements are a proxy for phytoplankton elemental content and 
nutritional quality in this system.  It should be noted that particulate allochthonous material 
as well as non-phytoplankton particulate autochthonous material, including zooplankton, are 
also included in these measurements.  The difficulties associated with separating these non-
phytoplankton components out were beyond the scope of this project and hence the reader 
should keep in mind the limitations of these particulate measurements.  Given the strong 
responses to nutrient addition seen in the seston’s particulate content, this assumption 
appears to hold here. 
2.6 Statistics 
 To compare individual parameters within and among treatments, sites, and experiments, 
one-way ANOVA multiple comparison Bonferroni significance tests were employed when 
variances were equal.  When variances were not equal, the Games-Howell non-parametric 
test was used (both via SPSS 13.0 software).  To compare parameter trends to one another 
generally least square regressions were used.  Error bars of standard deviations were used in 
all plots. 
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3 Chapter 3                                                                                    
Results 
 
3.1 Initial Conditions 
 The Cmax was located midway down the estuary in experiments 1, 2, 3, 4, and 6 (Fig. 
1).  Experiment 5 occurred 2 days after Hurricane Alex and was located the farthest 
downstream, in the lower estuary (Fig. 1).  Conditions at the water sampling sites at the 
beginning of the experiments were generally indicative of the normal conditions around the 
estuary's Cmax (ModMon) at the same depth (0.5 m) (Fig. 3).  When chl a, salinity, DIN, and 
DIP concentrations from the NRE long term dataset are compared to values of those 
parameters at the start of the experiments (T0), similar trends emerge (Fig. 3).  In 4 out of 6 
experiments as well as averages from the NRE long-term dataset, average chl a 
concentrations at Cmax were at least double what they were in adjacent locations (Fig. 3, 
Table 3).   
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Figure 3.  Initial chlorophyll a, salinity, dissolved inorganic nitrogen, and dissolved inorganic 
phosphorus. 
Chl a, salinity, DIN, and DIP concentrations at T0  for each experimental site (Upstream, Cmax, and 
Downstream) are organized by experiment (1-6).  As a comparison, the average values calculated from 
the long term Neuse River Estuary Dataset (NRED) for the same sites (at Cmax, upstream and 
downstream from Cmax) from 10 years before and during the experiments are also shown (ModMon). 
 
Salinity Downstream of Cmax was usually 2 to 4 times higher than at the Upstream 
station with a gradation of 1 to 6 salinity units over that section of the estuary (Fig. 3, Table 
3).  DIP concentrations were often higher Upstream than Downstream, but overall 
concentrations showed considerable DIP concentration variation between experiments and 
less variation within experiments (Fig 3, Table 3).  Alternately, upstream/downstream trends 
in DIN concentrations were more consistent.  DIN was up to 70 times higher Upstream than 
Downstream, with differences being as great as 49 uM/L (Fig. 3, Table 3).  Downstream 
from Cmax, and frequently at Cmax, DIN was very low. 
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 daily mean distance light
Bioassay streamflow ModMon from SFB salinity temp. attenuation Chl a Chl a NOx NH4 PO4
number date (m3 s-1) site station (km) ppt ºC kd (1/m) (µg L-1) st. dev. (µM N L-1) (µM N L-1) (µM P L-1)
1 07/07/03 162 Upstream 70 28 0.9 29.1 2.0 34.6 1.0 12.33 1.34 1.79
CMAX ~90 32 1.6 29.3 2.0 60.2 0.4 bd 0.95 1.64
Downstream 100 37 2.0 29.5 1.9 21.8 0.4 bd 0.81 2.01
2 10/13/03 41 Upstream 60 26 1.3 22.2 3.0 15.0 0.5 15.89 5.42 1.28
CMAX ~130 44 4.0 20.3 1.8 69.8 1.6 0.36 0.92 0.29
Downstream 160 59 7.0 20.2 1.4 28.0 0.7 0.32 0.81 0.20
3 02/04/04 63 Upstream 50 19 0.7 6.6 2.0 17.0 0.0 47.62 2.61 0.40
CMAX ~60 26 2.1 5.3 2.3 97.9 1.9 19.28 0.91 0.43
Downstream 120 43 5.3 4.8 1.6 27.3 0.1 bd 0.66 0.26
4 04/19/04 88 Upstream 100 37 2.2 19.4 2.0 32.5 0.2 bd 1.09 0.27
CMAX ~120 43 3.9 19.2 1.8 36.1 5.8 bd 1.42 0.19
Downstream 140 50 5.9 18.4 1.4 20.9 1.6 bd 1.09 0.24
5 08/05/04 54 Upstream 140 50 18.0 29.5 1.6 9.9 1.3 bd 0.99 3.26
CMAX ~160 59 18.6 28.4 1.0 14.5 2.4 bd 0.91 2.77
Downstream na na na na na na na na na na
6 06/06/05 33 Upstream 60 26 2.0 na 1.7 33.8 NQ bd 0.46 0.12
CMAX ~70 28 2.3 25.0 1.9 86.7 3.0 bd 0.38 0.13
Downstream 100 37 5.3 na 1.8 18.7 NQ bd 0.97 0.13
NRED 10 year NQ Upstream ~50 25 1.8 NQ 1.8 19.2 18.2 19.51 3.28 1.00
average CMAX ~70 32 4.0 NQ 1.9 48.2 50.0 9.07 1.73 0.82
Downstream ~100 35 6.2 NQ 1.7 22.6 22.1 6.52 1.58 0.77  
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Table 3.  Experimental and long term conditions at and around the Cmax.  
Location and conditions at the three experimental sites used  for the 6 bioassays are shown arranged by date and site.  For comparison, the averages 
from 1996 to 2005 calculated from the ModMon long term Neuse River Estuary dataset (NRED) are also shown.  Stream flow measured on the first day 
of each experiment from the USGS monitoring station upstream at Kinston, NC (station # 2089500) is given.  Locations of sites along the main stem of 
the Neuse are given as a distance downstream from Street's Ferry Bridge (SFB).   Abbreviations are as follows: bd=below method detection limit, 
na=data not available, and NQ=data not quantified. 
 
  
 At T0 all experiments, except Exp 5, showed statistically significant differences in POC 
and PN between Cmax and at least one other site (Fig. 4).  Initial experimental particulate 
concentrations of POC and PN within and across experiments commonly reflected upstream-
downstream chl a trends, with highest concentrations at the Cmax (Figs. 3 and 4).  For 
example the highest chl a values and the highest PN values at T0 were both in Exp 3.  
However, this trend was not universal, varying more between chl a and POC than PN.  When 
comparing across the experiments at the Cmax sites, Exp 1 had the highest POC value of the 
6 experiments but Exp 1 chl a was less than that of 3 other experiments (Exp 2, 3, 6).  Also, 
there was a large chl a concentration difference between the Cmax of Exp 4 and the Cmax’es 
of Exp 1, 2, 3, and 6 which is not seen in POC concentrations. There were no T0 seasonal 
trends apparent in POC and PN. 
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Figure 4.  Initial particulate concentrations. 
T0 particulate organic C, particulate N, and particulate P concentrations are shown in panels A, B, and 
C, respectively.  Error bars (when long enough to pass beyond data point symbols) are standard 
deviations.  The bioassay data is coded by season: summer= green squares (Exp 1, 5, and 6), fall = orange 
triangles (Exp 2), winter= blue circles (Exp 3), and spring= pink diamonds (Exp 4). 
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 Initial PP was generally lowest downstream with small upstream/downstream variation 
and greater differences between experiments than between sites (Fig. 4).  There were 
statistically significant differences in PP between sites in Exp 1, 2, and 3. Unlike POC and 
PN, PP neither reflects upstream/downstream chl a concentration trends nor reflects chl a 
concentrations across experiments (Figs. 3 and 4).  PP and chl a concentrations did not 
appear to be closely linked.  Like POC and PN, no T0 seasonal trends were observed. 
3.2 Time Point 0 to Time Point 4 
3.2.1 Controls: Particulates 
 The magnitude of changes in particulate concentrations over the duration of the 
bioassays in the control treatments varied widely upstream/downstream and across 
experiments (Fig. 5).  In general, across experiments, POC, PN and PP changed most at 
Upstream and Cmax, and least Downstream.  The change in Exp 2 Upstream POC, PN, and 
PP was drastic (POC and PN more than doubled and PP increased).  The most severe PP 
change occurred in Exp 1, where initially there were 2 times the PP as in other experiments 
(Fig. 5).   
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Figure 5.  Final particulate concentrations in controls. 
Particulate organic C, particulate N, and particulate P concentrations (as uM/L) in the controls after 72 
hours (T4) are shown with dashed lines in panels A, B, and C, respectively, for the 3 experimental sites 
(Upstream, Cmax, and Downstream).  Initial data is included for comparison (solid lines). T4 data error 
bars (when long enough to pass beyond data point symbols) of standard deviations are shown.  The 
bioassay data is coded by season: summer= green squares (Exp 1, 5, and 6), fall = orange triangles (Exp 
2), winter= blue circles (Exp 3), and spring= pink diamonds (Exp 4). 
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 Changes in Upstream POC from T0 to T4 control treatments were very large in Exp 1, 2, 
and 4 and extremely small in Exp 3 and 5 (Fig. 5).  Unlike other experiments, Exp 4 and 5 
demonstrated little change in PN and PP.  Particulate concentration changes between T0 and 
T4 controls often reflected nutrient availability, more so with DIN and less with DIP (Figs. 3 
and 5).  Upstream and Cmax showed the greatest particulate changes, where nutrients were 
initially high (Fig. 3).  Neither the severity of the changes seen in the experimental controls 
nor the directional change (increase/decrease) from T0 to T4 showed seasonal trends.     
3.2.2 Controls: Particulates Ratios 
 Particulate nutrient ratios varied widely between experiments and sites (Figs. 6, 7, and 
8).  All experiments showed initially significant C:N differences between sites (Fig. 6).  C: N 
ranged from 7:1 to 14:1 and 6:1 to 15:1 in the initial (T0) and T4 control data, respectively, 
with all but Exp 4 having T0 C:N ratios between Redfield (6.6 C: 1 N) and 9.  Through the 
course of the experiments C: N changed least at Cmax.  Downstream C:N decreased from T0 
to T4 in all experiments except Exp 2.  The summer, fall, and winter experiments (1, 2, 3, 5, 
and 6) grouped closely while the spring experiment (4) had much higher C: N and it 
increased through the experiment at Upstream and Cmax.   
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Figure 6.  Control initial and control T4 particulate C:N ratios. 
The upper panel (A) shows initial (T0) particulate molar C:N at the 3 experimental sites in the 6 
bioassays.  The lower panel (B) includes the same information for comparison (solid lines), with the 
additional T4 control data (dashed lines) to show changes over the duration of the experiments when no 
nutrient manipulations were done.  Error bars are standard deviations (when not apparent the error 
bars are smaller than the symbols). Error bars are shown for T0 data in panel A and for T4 data in panel 
B.  The 6 bioassays are coded by season as in previous graphs.
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Figure 7.  Control initial and control T4 particulate C:P ratios. 
The upper panel (A) shows initial (T0) particulate molar C:P at the 3 experimental sites for the 6 
bioassays.  The lower panel (B) includes the same information for comparison (solid lines), with the 
additional T4 control data (dashed lines) to show changes over the duration of the experiments when no 
nutrient manipulations were done.  Error bars are standard deviations (when not apparent the error 
bars are smaller than the symbols). Error bars are shown for T0 data in panel A and for T4 data in panel 
B. The 6 bioassays are coded by season as in previous graphs. 
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Figure 8.  Control initial and control T4 particulate N:P ratios. 
The upper panel (A) shows initial (T0) particulate molar N:P at the 3 experimental sites for the 6 
bioassays.  The lower panel (B) includes the same information for comparison (solid lines), with the 
additional T4 control data (dashed lines) to show changes over the duration of the experiments when no 
nutrient manipulations were done.  Error bars are standard deviations (when not apparent the error 
bars are smaller than the symbols). Error bars are shown for T0 data in panel A and for T4 data in panel 
B. The 6 bioassays are coded by season as in previous graphs.
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 The differences in C:P between experiments were greater than between sites (but site 
differences are statistically significant in exp 1, 2, 3, and 4) (Fig. 7).  C: P ranged from ~ 50 
to 225 and ~75 to 300 in the initial and T4 control data, respectively (Fig. 7).  At T0 C: P was 
generally lowest Upstream. By T4, within experiments C: P at Upstream and Cmax generally 
were similar, except in Exp 3 and 4.  The summer experiments grouped together, and were 
generally close to Redfield (106 C: 1P).   
 N: P ranged from ~ 5 to 24 and ~10 to 24 in the initial (T0) and T4 control data, 
respectively (Fig. 8).  The largest differences were seen between experiments but differences 
between sites were also significant, except in Exp 4.  All but Exp 3 showed an increase in N: 
P from T0 to T4 with the most drastic increase Downstream.  In all but Exp 4, N:P values 
over the 72 hours from T0 to T4 approached Redfield (16N:1P).  Seasonally, the summer 
experiments were at or below Redfield (16 N: 1 P).   
3.3 Treatment Differences 
3.3.1 Chl a 
 Phytoplankton, measured as chl a, responded to nutrient additions in all experiments and 
at all sites (Table 4).  Phytoplankton demonstrated N limitation in all bioassays, except Exp 3 
Upstream and Cmax.  This experiment (Exp 3) was furthest upstream compared to other 
experiments and had very high initial values of nitrate/nitrite, 48 and 19 uM N /L at 
Upstream and Cmax respectively, precluding N limitation (Figs. 2 and 3).  Experiments 2 
Downstream, 3 Downstream, and 4 Cmax and Downstream showed co-limitation of N and P 
(Table 4).  
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 Exp. # site +N treatment +P treatment +N&P treatment Key
1 Upstream + + + possitive response
C Max + + no difference from control
Downstream + + site missing
2 Upstream + +
C Max + +
Downstream + ++
3 Upstream + +
C Max + +
Downstream + ++
4 Upstream + ++
C Max + ++
Downstream + ++
5 Upstream + +
C Max + +
Downstream
6 Upstream
C Max +
Downstream
 
Table 4.  Phytoplankton response to nutrient addition.  
Chl a concentrations responded to nutrient addition in all bioassays.  Arranged by experiment and site,  
treatment differences in chl a are shown.  A ‘+’ indicates that the treatment demonstrated a statistically 
significant positive response relative to the control. (p< 0.05) .  '++' in the last column signifies an 
increased response when two nutrients were added together relative to the response to one nutrient alone.  
Dual limitation of N and P was observed 5 times, but only Exp 6 was strictly dual nutrient limited.  
 
3.3.2 Particulate C, N, and P and their ratios 
 Particulate C, N and P concentrations responded to nutrient addition (Figs. 9, 10, and 
11).  Statistically relevant differences in POC between treatments were demonstrated at all 
sites except at the upstream locations of Exp 1, 2 and 3.  POC and PN differences, when 
present, between treatments generally reflected chl a responses (Table 4, Figs. 9 and 10).  In 
N limited experiments, the addition of N resulted in increased PN relative to control (Fig. 
10).  In P limited cases P addition or N plus P addition increased PP (Fig. 11).  PP generally 
increased significantly in the +P treatments (exp. 1 Upstream & Cmax, 2 all sites, 3 all sites, 
4 all sites, and 6 Cmax), and the +N&P treatments (all experiments and sites) (Fig. 11).  +N 
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 treatments demonstrated increased PP in some cases (Exp 1 Downstream, 2 Cmax, 4 Cmax, 
and 5 Upstream Cmax).   
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Figure 9. Bioassay treatment effects on particulate organic carbon.   
Particulate organic carbon (POC) is given as uM/L.  The x-axis is divided into 3 sections, one per site.  
Those sections contain initial data (T0, checkered bars) as well as T4 treatment data for controls, plus 
nitrate, plus phosphate, and plus nitrate and phosphate (solid bars).  Error bars are standard deviations.   
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Figure 10.  Bioassay treatment effects on particulate nitrogen. 
Particulate nitrogen (N) is given as uM N /L.  The x-axis is divided into 3 sections, one per site.  Those 
sections contain initial data (T0, checkered bars) as well as T4 treatment data for controls, plus nitrate, 
plus phosphate, and plus nitrate and phosphate (solid bars).  Error bars are standard deviations.  
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Figure 11.  Bioassay treatment effects on particulate phosphorus. 
Particulate phosphorus concentrations for the 6 bioassays are given in uM P /L.  The x-axis is divided 
into 3 sections, one per site.  Those sections contain initial data (T0, checkered bars) as well as T4 
treatment data for controls, plus nitrate, plus phosphate, and plus nitrate and phosphate (solid bars).  
Error bars are standard deviations. 
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 Phytoplankton elemental ratios also responded to nutrient additions (Figs. 12, 13, and 
14).  As would be expected, C: N ratios decreased with the addition of N in most cases (Exp 
6 C:N did not have significant differences between treatments)(Fig. 12, Table 5).   C: N 
ratios in treatments with N addition did not decrease in all experiments at some sites (Fig. 
12), but when N and P were added together C: N decreased in experiments 1-3 and Upstream 
and Cmax in Exp 4. 
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Figure 12.  Bioassay treatment effects on C:N. 
Particulate organic carbon to particulate nitrogen (C:N) is given as a molar ratio.  The x-axis is divided 
into 3 sections, one per site.  Those sections contain initial molar C:N data (T0, checkered bars) as well as 
T4 treatment data for controls, plus nitrate, plus phosphate, and plus nitrate and phosphate (solid bars).  
Error bars are standard deviations. 
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Figure 13.   Bioassay treatment effects on C:P. 
Particulate organic carbon to particulate phosphorus (C:P) is given as a molar ratio.  The x-axis is 
divided into 3 sections, one per site.  Those sections contain initial molar C:P data (T0, checkered bars) as 
well as T4 treatment data for controls, plus nitrate, plus phosphate, and plus nitrate and phosphate (solid 
bars).  Error bars are standard deviations. 
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Figure 14.  Bioassay treatment effects on N:P. 
Particulate nitrogen to particulate phosphorus (N:P) is given as a molar ratio.  The x-axis is divided into 
3 sections, one per site.  Those sections contain initial molar N:P data (T0, checkered bars) as well as T4 
treatment data for controls, plus nitrate, plus phosphate, and plus nitrate and phosphate (solid bars).  
Error bars are standard deviations. 
 
 Addition of DIP was expected to decrease C:P.  This occurred in all bioassays, except 
Exp 5 which showed no significant differences between controls and treatments (Fig. 13).  
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 Addition of DIN was expected to increase particulate N: P while addition of DIP was 
expected to decrease N: P.  An increase in N:P in the +N treatment compared to control was 
only seen in Exp 1 Upstream and Cmax, 2 Upstream, 3 Upstream and Downstream, and 4 all 
sites (Fig. 14).  A significant decrease of N:P in the +P treatment relative to control was seen 
in Exp 1 Upstream, 2 all sites, 3 all sites, 4 all sites, and 6 Cmax (Fig. 14).   
 
Exp # site +N treatment +P treatment +N&P treatment Key
1 Upstream - - +/- possitive or neg. response
C Max - - no difference from control
Downstream - - site missing
2 Upstream - -
C Max
Downstream - -
3 Upstream - -
C Max -
Downstream - -
4 Upstream - -
C Max - -
Downstream + +
5 Upstream + +
C Max + + +
Downstream
6 Upstream
C Max -
Downstream
 
Table 5. Particulate C:N response to nutrient addition.  
C:N ratios responded to nutrient addition in all bioassays.  Arranged by experiment and site, treatment 
differences in C:N are shown.  A ‘+’ indicates that the treatment demonstrated a statistically significant 
positive response relative to the control. (p< 0.05).  A '-' indicates that the treatment demonstrated a 
statistically significant negative response relative to the control. (p< 0.05). 
3.4 Zooplankton 
3.4.1 Community Composition and Abundances 
 The initial mesozooplankton abundances and community compositions across the 6 
bioassays were not consistent (Figs. 15 and 16, Tables 6, 7, 8, 9, and 10).  Rotifers and 
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 copepods numerically made up the bulk of the mesozooplankton at the start of the bioassays, 
with almost all copepods being nauplii rather than copepodites or adults due to pump speeds 
(as discussed in ‘Methods’) (Fig. 15).  The relative abundances of mesozooplankton taxa 
across experiments varied widely, with high variability even across the 3 summer 
experiments (Fig. 17).  The experiments conducted during warmer months tended to have 
higher nauplii abundances (Fig. 18).   
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Figure 15.  Summer bioassay initial mesozooplankton taxa abundances. 
Initial summer abundances of broad taxa categories are given as organisms/L.  The category labeled 
‘total copepods’ includes copepodites and adult copepods but not nauplii.  Error bars are standard 
deviations. 
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Figure 16.  Initial and T4 control total mesozooplankton abundances for the 3 summer 
experiments. 
The x-axis is arranged Upstream, Cmax, Downstream, with T0 initial data first and T4 data paired to the 
right.  Organisms/L are on the y-axis and experiment number is on the z-axis.  
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Figure 17. Control treatment T0 and T4 relative nauplii and copepod abundances for the 3 
summer experiments. 
The x-axis is arranged Upstream, Cmax, Downstream, with T0 initial data first and T4 data paired to the 
right of it.  Percent of total mesozooplankton (total number of organisms passing through 63 µm mesh) 
are on the y-axis and experiment number on the z-axis.  Even within a single season (summer), the 
relative proportion of copepods and nauplii in experiments varied, dominating the community at times 
(Exp 5) while contributing little to the total organisms present in others (Exp 6). 
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Figure 18.  Initial and control T4 nauplii and copepod abundances. 
Bars are labeled on the x-axis with the experiment number and ‘nauplii’ or ‘cop’ for nauplii or copepod 
(copepodites and adults lumped together).  Y and Z axis show organisms/L and site, respectively.  Panel 
A displays initial nauplii and copepod (adults and copepodites) abundances in the experimental units 
while panel B shows abundances in the controls after 72 hours.
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 Experiment 1 Community Composition 
osition. 
ad taxa resolution.   All organisms 
 
 
Upstream Cmax Downstream
T0 T4 T4 T4 T0 T4 T0 T4
control +P +N&P control control
nauplii #/L *24.6 *54.86 33.25 *20.3 *7.6 240.64 *40.3 430.8
st. dev. 0.78 6.01 22.23 6.07 1.95 86.35 10.75 75.2
calanoid #/L 8.15 33.10 30.68 *23.0 7.43 176.79 10.83 240.0
  copepods st. dev. 0.64 2.02 6.51 1.46 1.42 44.03 3.99 50.2
rotifers #/L *36.0 *141.81 121.46 *252.1 *114.1 181.68 149.33 193.6
st. dev. 7.99 21.61 24.01 36.92 13.36 25.26 19.22 86.7
eggs #/L *36.9 *107.76 *>>300 *>>300 *79.8 126.32 *142.6 >300
st. dev. 7.28 29.19 NQ NQ 4.85 61.38 9.62 0.0
polycheates #/L *15.5 83.62 142.46 166.07 *9.1 62.00 *2.6 3.9
st. dev. 2.69 24.23 33.35 48.52 3.75 11.23 0.98 0.4
herpacticoid #/L *1.6 16.43 16.50 13.71 *0.2 2.32 0.27 1.0
  copepods st. dev. 0.28 0.76 3.63 4.42 0.06 0.76 0.12 0.7
O. colcarva #/L NP 0.81 1.04 0.98 NP NP NP NP
st. dev. 0.86 0.96 0.43
Pseudodiap- #/L NP 0.38 NP 0.08 NP NP NP NP
        tomus st. dev. 0.44 0.09
Paracalanus #/L NP NP 0.10 NP 0.03 NP NP 12.4
st. dev. 0.12 0.06 5.6
total #/L 9.75 50.71 51.57 39.71 7.63 179.11 11.10 253.4
  copepods st. dev. 0.92 2.54 10.11 4.64 1.39 44.62 4.10 50.9
Table 6. Experiment 1 zooplankton community comp
Community composition of mesozooplankton is shown at rough bro
present in 7 liters of water were counted and the 4 replicates were averaged.  Significant differences are
starred and in bold.  When in the T0 column, starred bolded numbers signify a statistical difference 
(p<0.05) between an adjacent station and the Cmax station at T0.  When in the T4 section, starred bolded
numbers signify a statistical difference between the control and that treatment at T4 at that site.  All 
divisions of copepod taxa are abundances of copepodites plus adult copepods given as organisms per liter 
(herpacticoids, calanoids, total copepods).  Because the eggs in some instances were so abundant, only up 
to 2500 eggs were counted (as seen in the +P treatments).  When eggs were very abundant, they were 
represented in the table as >>300 eggs/L, even when there were many more than 300 eggs/L.  NP signifies 
that none of that taxa were found in the 4 replicates.  Not all treatments were completely analyzed and 
hence are not shown here.   
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 Experiment 3 Community Composition 
Upstream C Max Downstream
T0 T4 T0 T4 T0 T4
control +N +P +N&P control +N +P +N&P control +N +P +N&P
nauplii #/L *16.69 26.85 24.11 23.09 28.31 *0.40 6.78 5.66 5.35 4.28 0.21 72.18 75.90 71.71 77.84
st. dev. 1.12 2.22 0.87 5.52 7.48 0.42 2.71 1.02 1.83 0.66 0.21 14.65 12.39 2.94 18.96
nauplii length mm 0.19 0.23 0.24 0.25 0.24 0.23 0.23 0.22 0.26 0.25 0.27 0.26 0.25 0.25 0.25
st. dev. 0.03 0.02 0.02 0.01 0.01 0.10 0.03 0.01 0.02 0.02 0.04 0.03 0.03 0.02 0.03
% nauplii % 11.01 44.90 45.30 32.39 30.57 38.89 *15.84 29.57 *3.18 21.99 11.11 NQ NQ NQ 0.28
 w/ciliates st. dev. 1.55 11.53 1.98 24.70 22.09 53.58 14.48 7.87 3.26 10.15 19.25 0.10
calanoid #/L *2.53 *8.42 *5.05 6.09 *5.19 *0.81 1.63 1.66 1.59 2.17 0.80 6.23 6.72 5.94 6.60
  copepods st. dev. 0.54 1.94 1.05 0.36 1.45 0.73 0.60 0.15 0.79 0.56 0.30 1.87 0.75 1.96 0.66
calanoid length mm 0.83 0.82 0.77 0.79 0.81 0.91 0.93 1.02 1.01 1.05 1.02 0.62 0.65 0.70 0.64
st. dev. 0.05 0.02 0.05 0.06 0.09 0.09 0.21 0.14 0.12 0.05 0.12 0.04 0.05 0.06 0.05
% calanoids % 64.26 82.89 84.43 69.10 70.61 *56.67 *37.74 48.18 *13.68 37.50 *8.33 NQ NQ NQ 7.88
 w/ciliates st. dev. 17.18 7.23 3.87 33.33 26.84 11.55 2.15 7.44 17.45 17.68 14.43 1.71
rotifers #/L NP NP NP NP NP NP NP NP NP NP NP NP NP NP NP
eggs #/L NQ NQ NQ NQ NQ NQ NQ NQ NQ NQ NQ NQ NQ NQ NQ
polycheates #/L NP NP NP NP NP NP NP NP NP NP NP NP NP NP NP
herpacticoids #/L NP NP NP NP NP NP NP NP NP NP NP NP NP NP NP
total #/L *2.53 *8.42 *5.05 6.09 *5.19 *0.81 1.63 1.66 1.59 2.17 0.80 6.23 6.72 5.94 6.60
  copepods st. dev. 0.54 1.94 1.05 0.36 1.45 0.73 0.60 0.15 0.79 0.56 0.30 1.87 0.75 1.96 0.66  
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Table 7.  Experiment 3 zooplankton community  composition 
Community composition of mesozooplankton and the standard deviation between replicates is shown at broad taxa resolution.  Nauplii and copepod 
lengths are also shown.  There were no significant length differences between treatments.  All organisms present in 7 liters of water were counted and 
abundances (averages of 4 replicates) are given in organisms/liter.  All divisions of copepod taxa are abundances of copepodites plus adult copepods 
given as organisms per liter (herpacticoids, calanoids, total copepods).  Significant differences are starred and in bold.  When in the T0 columns, starred 
bolded numbers signify a statistical difference (p<0.05) between an adjacent station and the Cmax station at T0.  When in the T4 section, starred bolded 
numbers signify a statistical difference between the control and that treatment at T4 at that site.  Many nauplii and copepods had attached ciliates.  Of 
the organisms with ciliates, some were completely covered by them and others had only one attached.  The percent of organisms with at least one ciliate 
attached is shown.   The Cmax plus phosphate treatment was different than the control for both nauplii and copepods, having significantly fewer 
organisms with attached ciliates.  NQ and NP stand for not quantified and none present, respectively.
 
  
 
 
 
 
 
 
 
 
 
Experiment 4 Nauplii and Copepods 
Upstream C MAX Downstream
T0 T4 T0 T4 T0 T4
control +N +P control +N +P control +N +P
nauplii #/L *22.7 3.5 4.6 2.8*62.45 2.4 4.2 5.5 49.7 *4.61 *3.0 *2.5
st. dev. 6.4 0.7 0.5 1.0 7.9 0.4 1.0 3.9 7.6 1.0 0.7 0.4
total #/L 0.1 47.5 49.3 56.1 0.1 95.2 94.1 108.8 0.3 45.2 44.5 50.8
  copepods t. dev. 0.1 5.8 12.4 4.8 0.1 12.8 8.1 6.4 0.1 5.0 4.2 3.7
 
Table 8.  Experiment 4 zooplankton community composition. 
Community composition of mesozooplankton and the standard deviation between replicates is shown for 
nauplii and copepods (copepodites plus adults).  All nauplii and copepods (copepodites plus copepods) 
present in 7 liters of water were counted and abundances are given in organisms/liter.   When in the T0 
column, starred bolded numbers signify a statistical difference (p<0.05) between an adjacent station and 
the Cmax station at T0.  When in the T4 section, starred bolded numbers signify a statistical difference 
between the control and that treatment at T4 at that site.   
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Experiment 5 Community Composition 
 deviation between replicates is shown at 
Upstream C Max
T0 T4 T0 T4
control control
nauplii #/L *200.12 5.93 *71.00 142.25
st. dev. 33.04 3.84 13.66 60.72
calanoid #/L 9.57 375.04 6.94 149.82
  copepods st. dev. 3.28 54.54 1.60 34.65
rotifers #/L *129.10 1.57 *18.91 7.29
st. dev. 38.53 0.55 4.66 1.99
eggs #/L 78.59 35.00 38.93 306.18
st. dev. 15.11 25.82 7.69 40.93
polycheates #/L 0.66 0.68 4.37 1.75
st. dev. 0.28 0.18 1.19 0.82
herpacticoid #/L 0.12 0.04 0.08 0.36
  copepods st. dev. 0.12 0.07 0.07 0.41
O. colcarva #/L *0.46 3.21 *4.10 38.00
st. dev. 0.49 1.31 0.84 7.14
Pseudodiaptomus #/L NP 0.32 NP NP
st. dev. 0.41
Paracalanus #/L NP NP NP 21.93
st. dev. 6.85
total #/L 10.15 378.61 11.16 210.11
  copepods st. dev. 3.72 55.31 1.20 36.53
Table 9.  Experiment 5 zooplankton community  composition 
Community composition of mesozooplankton and the standard
broad taxa resolution.  All divisions of copepod taxa are abundances of copepodites plus adult copepods 
given as organisms per liter (herpacticoids, O. colcarva, total copepods, etc.).  Bolded starred numbers 
signify a statistical difference (p<0.05) between Upstream and Cmax at T0.  NP signifies that organism 
was not identified in the 4 replicates.  Not all treatments were completely analyzed and hence are not 
shown here. 
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Experiment 6 Community Composition 
 
able 10.  Experiment 6 zooplankton community composition. 
deviation between the 4 replicates is 
es 
s 
Cmax
T0 T4
control +P +N&P
nauplii #/L 16.40 40.16 30.92 26.29
st. dev. 3.77 11.77 0.67 9.91
calanoid #/L 0.63 24.86 29.49 28.32
  copepods st. dev. 0.47 4.86 12.11 2.38
rotifers #/L 106.53 3194.08 3287.66 3248.29
st. dev. 69.01 316.07 1027.31 574.38
eggs #/L 23.77 453.89 422.43 426.21
st. dev. 2.48 95.71 75.35 18.88
polycheates #/L 1.07 22.88 29.97 16.06
st. dev. 0.45 10.96 12.78 1.50
herpacticoid #/L 0.13 2.51 3.81 3.69
  copepods st. dev. 0.15 0.87 0.00 0.17
total #/L 0.77 27.37 33.30 32.01
  copepods st. dev. 0.49 5.25 12.11 2.21
T
Community composition of mesozooplankton and the standard 
shown for Cmax at broad taxa resolution.  All divisions of copepod taxa are abundances of copepodit
plus adult copepods given as organisms per liter (calanoids, herpacticoids, total copepods).  No water wa
collected from the Upstream and Downstream stations.  Using a Hensen-Stempel  pipette a portion of the 
organisms present in 7 liters of water was counted and abundances reported in organisms/liter.   A 
minimum of at least 4 pipettes were counted per sample.  There were no significant differences between 
treatments. 
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 3.4.2 Experiment 3: Attached Ciliates 
 Experiment 3 copepod and nauplii are set apart from other experiments’ samples by a 
unique occurrence in these bioassays.  Many Exp 3 nauplii, copepodites, and adult copepods 
had ciliates attached to their carapaces, antennae and legs.  The ciliates seen on the copepods 
and nauplii were ovoid, being attached to the organism by their base (with ciliates facing 
outward).  Generally, they were seen on the copepods' prosome and urosome but not 
exclusively.  In some cases they were on antennae, legs and other extending parts.  The 
ciliates' taxonomy has yet to be determined as well as its' relationship to it's' host. 
 Copepod and nauplii lengths were measured in Exp 3 to assess whether samples with 
attached ciliates tended to grow faster or slower than ones without.  The table of 
mesozooplankton abundances for Exp 3 shows length data for nauplii and copepods as well 
as the percent of nauplii and copepods that had one or more ciliates attached to it (Table 7).  
Upstream, the +P treatments had a smaller percent of organisms with ciliates attached than 
the control treatment Upstream.  No differences were found between lengths of the nauplii or 
lengths of the copepodites and adults (referred to as total copepods in table) between 
treatments (Table 7). It is unclear what the function of these attached ciliates was and it was 
not possible to determine from these samples whether they were parasitic or mutualistic.   
3.4.3 General Copepod Trends 
 Copepod abundances in the experimental containers initially consisted mostly of nauplii 
(Fig. 18).  In all but Exp 4, A. tonsa was the dominant copepod species.  There were 
significant nauplii abundance differences at T0 between Cmax and at least one other site in 
all bioassays.  In all but Exp 4, Cmax had fewer nauplii than Upstream or Downstream. (Fig. 
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 18).  As discussed later, initial nauplii abundances could be partially explained by 
phytoplankton nutritional content.   
 By the end of each experiment the number of organisms present had increased, the 
abundance of copepodites and adult copepods increased, the percent that were copepods 
increased (except for exp 6 which had very high rotifer abundance ), and the percent nauplii 
decreased (except exp 1 at Cmax and Downstream) (Fig, 16, 17, and 18). 
 Nauplii abundances at T0 were generally a good predictor of copepod abundances at T4 
in most experiments (Fig. 19). However, the winter experiment  (Exp 3) showed no 
relationship, with T4 copepod abundances being less than T0 nauplii abundances.  Exp 3 was 
conducted at markedly colder temperatures than the other 5 bioassays (Table 3). 
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Figure 19.  Initial nauplii and final control copepod abundances. 
The graph displays initial (T0) nauplii abundances alongside final (T4 control) copepod abundances.  
Bars are labeled on the x-axis with the experiment number and ‘nauplii’ or ‘cop’ for nauplii or copepod 
(copepodites and adults lumped together).  Y and Z axis show organisms/L and site, respectively.   
 
 Temperature is the most important regulator of growth rate in copepods and was a 
probable generator of differences between experiments in this work (Huntley and Lopez 
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 1992).  In the 6 bioassays, the abundance of nauplii at T0 poorly correlated with temperature 
(r2= .20).  Copepod abundance at T4 showed a stronger relationship to temperature (r2= .49).  
The percent of nauplii that grew into copepods correlated with temperature, but in 
comparisons of experiments, only the inclusion of Exp 3 (winter) made these correlations 
significant.  Because temperature is not a factor that distinguishes Exp 1, 4, 5, and 6, any 
differences seen in other parameters in those experiments are probably not due to 
temperature effects. 
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 4 Chapter 4                                                                           
Discussion 
 
4.1 Initial conditions 
In all experiments, except Exp 5 which had very low chl a levels, Cmax was a location 
where large changes in the estuary occurred (Fig. 3).  Cmax was associated with an increase 
between 1 and 4 psu in surface water salinity (Fig. 3).  The surface water salinity for the 
length of the estuary upstream from the Cmax was below ~2 psu, but Cmax was found where 
surface salinities rose.  In other estuaries, this low (but not fresh) salinity area has been found 
to be a focal point of biological and chemical flux (Geyer, 2000, Morris et al. 1978, 
Painchaud et al. 1995).   
A large change in DIN concentrations occurred around the Cmax (Fig. 3).  DIN was 
extremely high in some instances upstream from Cmax but at Cmax and downstream from 
Cmax DIN was usually depleted to at or below method detection limits.  Unlike salinity and 
DIN, DIP concentrations showed no consistent trend around the Cmax (Fig. 3). 
Differences in phytoplankton abundances from upstream to the Cmax were often 
dramatic (Fig. 3).  High primary productivity fueling the Cmax required large amounts (or 
rapid turnover) of nutrients.  At the Cmax massive phytoplankton growth functioned as a 
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 nutrient filter, incorporating DIN and DIP into particulate N and P.  High DIN in the 
upstream waters was drastically depleted due to elevated productivity and biomass at the 
Cmax.  DIP levels were not affected (depleted) nearly as severely or consistently as N 
concentrations (Fig. 3).  P cycling is thought to be influenced by different processes and to 
occur on different time scales than N (Eyre 1993) and NRE P has been shown to be less 
controlled by runoff than N (Paerl et al. 1998).  Presumably the P trends were due to 
sufficient P inputs from external sources and effective recycling from the P-rich sediments. 
4.2 Characteristics of each experiment 
 This section includes a discussion of the experimental results of individual experiments, 
and how each relates to the others.  Focus is placed on information that 1) sets each 
experiment apart from the others and 2) supports or refutes the three main hypotheses.   
4.2.1 Experiment 1, Summer 
 The initial conditions of Exp 1 were low salinity, high temperatures, and high DIP and 
PP (Figs. 3 and 11, Table 3).  Phytoplankton responses to treatments in Exp 1 generally 
followed what had been predicted.  As in previous bioassays conducted in this system, Exp 1 
showed N limitation (Paerl and Bowles 1987, Rudek et al. 1991, Boyer et al. 1994, Pearl 
1995, and Pinckney et al. 1998) (Fig. 9).  Nutrient addition caused C:N and C:P ratios to 
decrease dramatically following the addition of N and P, respectively (Figs. 12 and 13).  
Even though DIP and PP concentrations were very high at T0 initially, the addition of more 
DIP resulted in large differences in PP between treatments and controls by T4.  By the end of 
Exp 1, control treatment C:P was near the Redfield ratio (106 C: 1 P) and the +P treatments 
were far below the Redfield ratio, ~70C:1P (Fig. 13).   
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  It was predicted that poor food quality, and hence high C:nutrient elemental content 
phytoplankton, would negatively affect copepod growth.  In this experiment, even though 
there were large differences between C: nutrient ratios between treatments, food quality was 
high in all treatments (Figs. 12 and 13). The decrease in C:nutrient ratios in the nutrient 
addition treatments did not produce the predicted increase in copepod abundance (Table 6).  
In fact, Upstream the +N&P treatment showed a significant decrease in copepod and nauplii 
abundance relative to the control.  Concomitantly, an increase in rotifers in that treatment 
occurred.   Rotifers have been shown to be faster growing (and hence have higher P 
requirements, Elser et. al. 1996, Main et. al. 1997) than copepods.  The extremely low C:P 
ratios likely helped the rotifers outgrow and out compete the copepods.   
 Regardless of treatment or change during the experiment, C:nutrient ratios were 
consistently lower than what is considered a good quality food source for copepods.  Exp 1 
was a poor test of food quality as a determining factor between copepod abundances in the 
different treatments because all treatments maintained high quality status.  However, when 
compared across experiments, Exp 1 represents an experiment with high quality food 
(nutritious phytoplankton).  This high quality phytoplankton corresponded to high 
mesozooplankton abundances and growth compared to low quality food experiments (Figs. 
6, 7, 18, and 19).  In the controls by T4, Exp 1 had the most nauplii and the second most 
copepods of all the experiments performed (Fig. 18).  
4.2.2 Experiment 2, Fall 
 The fall bioassay, Exp 3, showed N limitation at all 3 sites and N & P co-limitation 
Downstream as measured by chl a (Table 4).  Statistically significant initial differences 
between sites for all particulate nutrients and their ratios was observed at T0, with all 
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 particulate concentrations highest at Cmax (Figs. 4, 5, 6, 7, and 8).  As predicted in 
hypothesis 2, differences between treatments in phytoplankton nutrient content reflected the 
nutrient additions, decreasing C:nutrient ratios relative to the controls with the addition of 
nutrients (Figs. 12, 13, and 14).  Zooplankton analysis was not performed. 
4.2.3 Experiment 3, Winter 
 Exp 3 stands out from the other experiments in a number of ways.  This experiment 
showed the largest differences in amount of chl a between sites (Fig. 3).  This experiment, 
which was conducted during the coldest time of the year, was the only one to show P 
limitation (Tables 3 and 4, Fig. 9).  P limitation generally occurs in fresher upstream waters 
and Exp 3 occurred furthest upstream and had the lowest salinity Upstream and the second 
lowest Cmax salinity of all experiments (Fig. 3).  At Upstream and Cmax, P limitation was 
demonstrated even though these sites started with more DIP than the Downstream site, which 
showed N limitation (Fig. 3).  Rudek et al. attributed P limitation to high DIN to DIP ratios, 
as was the case in this bioassay (1991) (Table 3, Fig. 3).  At Cmax and Upstream, DIN levels 
were the highest found in the 6 experiments (50 uM and 20 uM), while Downstream levels 
were below the detection limit (0.26 N uM/L) (Fig. 3). 
 C:nutrient ratios generally shifted as predicted in hypothesis 2, decreasing with nutrient 
addition when nutrients were limited (Figs.12, 13, and 14).  The two P limited sites showed 
little difference in C:N between treatments (Fig. 12).  All sites showed significant C:P 
differences between treatments (Fig. 13).  Hence, nutrient availability altered phytoplankton 
elemental content when a nutrient was limited but alterations were less consistent when that 
nutrient was in very high concentrations. 
 60
  The winter experiment had few mesozooplankton, almost all being A. tonsa with 
attached ciliates (Table 7).  The function of these ciliates with respect to their copepod hosts 
is not addressed here.  Exp 3 had few copepods at T0 (1-3/L) and fewest nauplii (.2-17/L) of 
all experiments (Fig. 18A).  By T4 it had the fewest copepods of all experiments and few 
nauplii (Fig. 18B).  This “coldest” experiment would not be predicted to have 
mesozooplankton growth rates sufficient to show treatment differences by the end of the 
short incubation time, as is generally shown.   
 Even though cold temperatures and short experimental duration overrode treatment 
differences in zooplankton, Exp 3 T0 initial data supports hypothesis 3 (food quality).  Site 
by site, copepod initial abundances correlated with initial phytoplankton nutritional quality.  
Because the C:P ratio difference between sites was so dramatic at T0 these data can be used 
to assess food quality (Fig. 7).  The stark initial C:P difference between Upstream and the 2 
other sites (Upstream <50C:1P; Cmax and Downstream >150C:1P) was reflected in nauplii 
abundance (Upstream >16 nauplii/L, and Cmax and Downstream <0.4 nauplii/L) (Figs. 7 and 
18).  When differences between C:nutrient ratios were very large (such as C:P in Exp 3), low 
food quality sites had very low nauplii abundances while the high food quality site produced 
higher concentrations of nauplii.    
4.2.4 Experiment 4, Spring 
 The spring experiment (Exp 4) generally showed the results expected for a classic N 
limited system, based on POC, PN, PP, C: N, and C: P responses (Figs. 9-13).   All sites at 
T0 had very high initial C:N and C:P (Figs. 6 and 7). Even though treatment differences of 
C:N and C:P were the greatest in Exp 4, C:N, even in +N treatments, never dropped close to 
Redfield (6.6C:1 N) (Fig. 12).  This was because the initial C:N ratios were very high (range 
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 from ~11C:1N to 15C:1N) (Fig. 6).   By T4 C: P did decrease to the point where the +P 
treatments were close to or below Redfield (Fig. 13).   
 In all treatments, by T4, herpacticoids made up >92% of the total copepods, indicating 
that nauplii present at T0 were mostly herpacticoid nauplii (Table 8).  Despite the large 
difference in C: P and C: N between controls and nutrient treatments, only Downstream 
nauplii abundance showed any significant difference between control and treatments (Table 
8).  When comparing bioassays however, Exp 4 exemplified very poor food quality.  Unlike 
Exp 1 and 5 which had high phytoplankton quality and high copepod growth, growth in Exp 
4 was quite low (Fig. 19).  
4.2.5 Experiment 5, Summer 
 Exp 5 can be used in some ways as a non-Cmax comparative experiment, since there 
was no definitive Cmax in the estuary at the time (Fig. 3).  The western portion of Hurricane 
Alex had swept through the area just 2 days prior to this experiment, flushing the system and 
mixing the water column.  Of the 6 bioassays, Exp 5 had the lowest chl a concentration at 
Cmax and generally showed the least differences in parameters measured across the board 
between sites (Figs. 3-8)).  Initial particulate concentrations varied little, with elemental 
ratios near Redfield (Figs. 6, 7, and 8).  From T0 to T4, particulates of control treatments 
changed little (Fig. 5).  In the N limited conditions that prevailed in this experiment, small 
treatment differences were generally seen in particulate concentrations and ratios (Figs. 9-
14). 
 Exp 5 zooplankton community composition was dominated by nauplii and copepods 
(Table 9, Figs. 15, 17, and 18).  It had the highest initial nauplii and final copepod 
abundances, with copepods dominating all sites by T4 (Fig. 19).  Since this experiment had 
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 the lowest chl a concentrations of all experiments but yet high growth of mesozooplankton, 
food quantity appears minimally important in this experiment (Figs. 3 and 19).  High 
phytoplankton nutritional content in conjunction with high copepod growth, however, 
supported the hypothesis that phytoplankton quality can be important in trophic transfer in 
this system (Figs. 6, 7, and 19). 
4.2.6 Experiment 6, Summer 
 Only Cmax water was used in this mid-estuary, high chl a summer bioassay.  It was the 
only experiment to demonstrate strict co-limitation of N and P (Table 4).  With initial 
concentrations of DIN and DIP low, particulate N and P concentrations did not reflect 
nutrient limitation (Figs. 3 and 4).  POC was average compared to other bioassays while PN 
and PP were among the highest values (Fig. 4). 
 Initial C:N, C: P and N: P were all near Redfield (Figs. 6, 7, and 8).   At T4, +P and  
+N&P addition treatments significantly decreased C: P and N: P, while only the +P treatment 
lowered C:N compared to the control (Figs. 12, 13, and 14).  Even though particulate ratios 
were low at the beginning of the experiment, nutrient additions significantly decreased 
phytoplankton elemental content (Figs. 12, 13, and 14).  However, compared to responses 
seen in other experiments, the particulate (POC, PN, and PP) values as well as their ratios 
(C:P and C:N) changed relatively little during the experiment in all treatments (Figs. 9-14). 
 With ratios relatively stationary and near Redfield (even when different from controls), 
the experimental treatments were not a pertinent test of zooplankton food quality.  Hence, it 
is not surprising that no differences were observed between treatments in any zooplankton 
taxa abundance (Table 10).  However, when compared to other experiments, Exp 6 can be 
used as an example of zooplankton growth under good food quality conditions.  
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 Mesozooplankton growth was high, with rotifers greatly increasing during the experiment 
and copepods increasing moderately, supporting hypothesis 3 (Table 10, Fig. 18). 
4.3 Zooplankton: Significant in Trophic Transfer  
 Past research in this system has shown mesozooplankton are significant grazers of 
phytoplankton biomass (Mallin 1992).  Of the mesozooplankton, if copepods specifically are 
significant grazers, it would be expected that, over time, a copepod community would graze 
down a phytoplankton community.  This would implicate copepods as a vital link in trophic 
transfer.  By consuming a large portion of primary production, copepods could be controlling 
the accumulation and fate of C in the food chain.  The bioassays provided evidence to 
support this.   
 Large numbers of nauplii generally indicate the existence of a successful adult copepod 
population which has had sustained suitable conditions, over a sufficient length of time, for 
not only growth but also reproduction.  The difference in the rate of growth between 
copepods and phytoplankton limits copepods from growing as fast as their food source.  
However, if copepods are significant phytoplankton grazers in the NRE, by the time a 
successful copepod community is established (with many nauplii) we would expect that 
community to have negatively impacted its phytoplankton food source. 
 Conditions found at the beginning of the experiments showed chlorophyll a 
concentrations at the Cmax and surrounding stations never to exceed 40 ug/L when nauplii 
abundances were high  (r2=. 45)(Fig. 20).  When compared among experiments, the Cmax 
sites had the lowest nauplii abundances compared to Upstream and Downstream locations in 
 64
 all experiments except Exp 4 (Fig. 18).  This is indirect evidence that in the estuary, 
copepods can control phytoplankton concentrations. 
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Figure 20.  Initial nauplii abundances relative to initial and final chl a concentrations. 
Initial (T0) nauplii concentration is plotted against initial (T0) chl a concentration in panel A. Initial (T0) 
nauplii concentration is plotted against final (T4) chl a concentration in panel B.  Chl a and nauplii/L 
error bars are standard deviations (when not apparent, error bars are smaller than the symbols).  High 
chl a concentrations are never found when nauplii abundance is high, regardless of site.     
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  By the end of the 72 hour bioassays (and often much sooner- data not shown), even 
experiments with initially small numbers of nauplii had chl a levels greatly reduced, while 
chl a increased at sites having effectively no nauplii (r2=. 40)(Fig. 21). When bioassays 
started with concentrations over 25 nauplii per liter, there was a 60 to 90% chl a 
concentration reduction by the end of 72 hours (Fig 21). Alternately, low nauplii abundances 
corresponded to high chl a concentrations.   This gives evidence that nauplii specifically are 
significant grazers in the NRE.  T4 copepodite and adult copepod abundances (a measure of 
the growth of the nauplii populations from T0) also correlated with % chl a left at end of the 
experiments (r2= .74).(Fig. 22).  Regardless of even high rates of primary production, nauplii 
grazing may have had large affects on chl a concentrations.   
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Figure 21.  Initial nauplii and final control copepod abundances versus the relative change in chl 
a concentration from T0 to T4. 
Nauplii per L (panel A) and copepods (copepodites plus adults) per L (panel B) are on the x-axis.  To 
increase comparability between sites and experiments, differences in initial chl a concentrations were 
accounted for by plotting the change in chl a from the beginning of the experiment to the end of the 
experiment as a percent ([chl a]T0 / [chl a]T4)(y-axis).  Presumably due to substantial nauplii and 
copepod grazing, only high percents of initial chl a remained by T4 when nauplii and copepod 
concentrations were very low.  Error bars are standard deviations of nauplii and copepod abundance 
(when not apparent, error bars are smaller than the symbols).  
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Figure 22.  Chl a and copepod abundance and success. 
Chl a is plotted against final (T4) copepod abundance and a measure of copepod growth.  Copepod 
abundance (copepodites plus adults)(panel A) by the end of the experiment poorly correlated with initial 
chl a, actually showing a negative relationship.  The relationship is weaker when differences in initial 
‘supply’ nauplii populations between sites and experiments are accounted for by using an index of 
growth (nauplii at T0 compared to copepods at T4) (panel B). 
 68
 4.4 Copepods: food quantity and food quality  
4.4.1 Quantity 
There was no evidence to support the argument that the quantity of phytoplankton 
determines the success of copepods in this estuary.  However, determining if quantity of 
phytoplankton is important in trophic transfer was not specifically tested in these 
experiments.  Algal species composition differences between sites are just one of the 
confounding factors that must be controlled for to test food quantity relevance.  Nonetheless, 
the indirect evidence here does not support the argument that in the NRE there is a strong 
relationship between the amount of chl a present and the success of copepods as measured by 
both: 1) T4 copepod numbers relative to initial (T0) chl a concentrations and 2) comparing 
initial nauplii abundances relative to T4 copepod abundances with respect to chl a 
concentrations (Fig. 22).  Controlled experiments designed to test if phytoplankton quantity 
strongly influence NRE copepod success are needed. 
4.4.2 Quality: Treatment Differences 
 Most treatments did not have significantly different zooplankton abundances by the end 
of the bioassays (Tables 6-10).  In the few cases, when differences between copepod 
abundance in controls versus treatments were seen (Exp 1 Upstream, Exp 3 Upstream, and 
Exp 4 Downstream), the differences between C: nutrient ratios were small, food quality was 
high across treatments, and/or the correlations between food quality and zooplankton 
abundance were not consistent across sites. 
 The rate of change in each treatment of phytoplankton elemental content was not 
measured and may have contributed to the limited differences seen between copepods in 
treatments.  If the change in particulate C:N and C:P ratios brought on by nutrient additions 
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 did not occur very early in the experiment, the nutritional effects on the mesozooplankton 
would not be detectable after only 72 hours.  Additionally, when treatments had differences 
between C: nutrient ratios, they were often small, which minimized possible zooplankton 
growth affects.  Furthermore, copepod growth rates are slow relative to phytoplankton and 
greatly affected by temperature, so even under the most optimal conditions these two factors 
can preclude treatment differences in this type of experiment (short duration small volume 
bioassays). 
 The limited and inconsistent differences between treatments in the 6 bioassays do not 
support hypothesis 3, that phytoplankton quality affects trophic transfer.  However, the 
different treatments are a poor test of this hypothesis in individual experiments due to 1 or 
more of 3 factors: 1) negligible food quality differences between treatments, 2) copepod 
growth rates compared to experimental duration, and 3) the range of particulate ratios, 
although in some instances large, not spanning poor food quality.  Testing treatment 
differences in zooplankton requires an experiment specifically designed to reveal 
zooplankton response.  Experiments of larger volumes and longer durations in conjunction 
with regulated phytoplankton particulate ratios are needed. 
4.4.3 Quality: Bioassay Differences  
 By comparing across experiments and sites, initial conditions provide insight into 
hypothesis 3: phytoplankton nutritional content affects trophic transfer to copepods.  Greater 
differences in phytoplankton nutritional quality were generally seen between the 6 
experiments than between treatments within individual experiments.   Because elemental 
ratio differences between sites and experiments (Figs. 6 and 7) were more dramatic than 
differences between treatments (Figs. 12 and 13), examining site and experiment differences 
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 is a better method of determining if there is a relationship between food quality and 
zooplankton abundance in this dataset.  The wide range of particulate elemental ratios across 
experiments and sites allows testing of hypothesis 3. 
 Across experiments there is no linear relationship between nauplii and copepod 
abundance and phytoplankton elemental ratios (C: P, C: N or N: P).  However, high 
abundances of copepods never occurred when the quality of phytoplankton was low (highest 
C: Ps and C:Ns) (Figs. 23 and 24).  When food quality was high (low C: P and C: N) and 
ratios were near Redfield, a range of copepod growth responses were seen (Figs. 23 and 24).  
Copepod numbers and copepod success (as measured by the % of nauplii that grew into 
copepodites and adults) varied widely (Figs. 23 and 24).   The greatest percentage of nauplii 
and eggs matured into copepodites/ copepods when C: P and C: N were close to or below 
Redfield.  Low quality food precluded high growth of nauplii.  Copepod success was not 
solely predicted by food nutritional value but was limited by it, since high trophic transfer 
never occurred if particulate elemental ratios were far from Redfield.  This data supports that 
copepod food source quality in the NRE influences copepod growth and production and 
hence trophic transfer, supporting hypothesis 3.   
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Figure 23.  Copepod abundance as a function of C to nutrient ratios. 
Final (T4) phytoplankton (particulate) C to N and C to P molar ratios (panels A and B, respectively) are 
plotted against final (T4) copepod (copepodites plus adults) abundance.  Each panel's dark vertical line 
marks the Redfield Ratio.  High nutritional quality phytoplankton as food did not ensure high copepod 
(copepodites and adults) abundance, but only when phytoplankton nutritional quality was high (low C:N 
and C:P ratios) were copepod abundances high.  
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Figure 24.  Copepod success compared to C:N and C:P. 
Copepod success as a function of C to nutrient ratios on (particulate) C to N and C to P molar ratios 
(panels A and B, respectively) are plotted against copepod success.  Copepod success is a measure of the 
proportion of initial nauplii present that grew into copepodites and adults.   Each panel's dark vertical 
line marks the Redfield Ratio.  High nutritional quality phytoplankton as food did not ensure nauplii 
growth into copepods, but only when phytoplankton nutritional quality was high (low C:N and C:P 
ratios) were copepods able to thrive. 
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4.5 Hypotheses Summary 
1 NRE phytoplankton are differentially nutrient limited at and around the Cmax. 
It was predicted that nutrient addition would stimulate phytoplankton growth (as 
measured by chl a) differentially upstream from Cmax, at Cmax, and downstream 
from Cmax, however, this was not seen.  Growth responses to nutrient addition 
occurred and nutrient limitation was generally consistent across sites.  It should be 
noted, however, that this work assessed ‘growth response’ binarily, with any 
treatment showing growth higher than the control classified as having a positive  
growth response.  Data  on the relative magnitudes of responses as well as the 
timing of the responses across sites and treatments is not discussed in this thesis 
and may prove differential growth responses do exist in some form across sites.  
NO3 was more commonly limiting in this traditionally N limited system. 
2 NRE phytoplankton elemental composition reflects nutrient conditions in the NRE. 
As predicted, bioassay data show nutrient additions resulted in corresponding 
decreases in phytoplankton C: nutrient ratios. 
3 Zooplankton food quality is a predictor of NRE trophic transfer. 
It was predicted that 1) phytoplankton elemental content (C:N and C:P) correlate 
with mesozooplankton abundance, specifically copepod abundance and 2) high 
food quality phytoplankton as a food source results in high copepod abundance 
and success.  Data show only phytoplankton near or below the Redfield ratio 
(good quality food source) support large numbers of copepods, however, a high 
quality food source does not necessarily predict high copepod abundances.  Data 
 74
 indicate that food quality in the NRE can strongly affect trophic transfer but it is 
not the only factor controlling it. 
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 5 Chapter 5                                                                          
Conclusion  
 
5.1.1 Cmax is a location of elevated carbon and nutrient flux 
 Chlorophyll a maxima are phenomena where relatively high rates of primary production 
and nutrient cycling occur on a temporally and spatially compacted scale (Figs. 2 and 3).  
The accumulation and processing of this production is strongly associated with localized 
chemical, physical, and biological structure (Fig. 3) (Valdes-Weaver et al. 2006).  Cmax is a 
location of increased dynamic interactions between trophic levels and physical and chemical 
forces.  Understanding the dynamics at this critical location in the estuary is paramount to 
mitigating key environmental problems, such as nutrient over-enrichment and resultant 
eutrophication impacting our coastal waters (Geyer et al. 2000).   
It should be noted the research here focused on the Cmax as assessed by the ModMon 
Program with the Cmax determined by near-surface chl a readings.  The Cmax was 
quantified as a point along the main stem of the estuary at 0.5 m depth.  There is high 
heterogeneity in chlorophyll concentrations both laterally and vertically within the NRE (and 
other systems) that changes on short time scales (Hall et al. in prep).  Phytoplankton diel 
vertical migration is an important characteristic of some episodically-dominant NRE 
 76
 phytoplankton species, resulting in vertically heterogeneous organic matter distributions in 
the water column (Anderson and Stolzenbach 1985, Hall et al. in prep).  When vertical 
distributions of phytoplankton are assessed, the Cmax migrates not only horizontally but also 
vertically in the water column (Hall et al. in prep).  Zooplankton distributions are less well 
understood, but known to be even patchier than phytoplankton (Taylor and Rand 2003).  
Future research on relevant spatial and temporal scales is needed to better assess Cmax 
physical-chemical dynamics and its impacts on the greater estuary. 
5.1.2 Growth and elemental content enhanced by nutrients 
 Bioassays indicate nutrient inputs can strongly affect phytoplankton growth and 
elemental composition at and around the Cmax.  N limitation occurs at the Cmax except 
during the atypical times it is located upstream in the fresher reaches of the estuary.  N 
enrichment can cause increases in chl a levels even when they are already very high and 
nutrients are not deficient.  Additions not only of N but also P to the system bring about 
elemental compositional changes in the phytoplankton.  C: nutrient (N and P) ratios decrease 
when limiting nutrients are added and also when non-limiting nutrients are added.  
Regardless of chl a concentration response (or non-response) to nutrient addition, both N and 
P affect phytoplankton elemental ratios.  
5.1.3 Copepods consume significant amounts of phytoplankton 
 This research is the first to point to copepods, and specifically nauplii, as significant 
grazers of phytoplankton in the NRE.  Data suggest grazing pressures in and around the 
Cmax in the Neuse River Estuary are often high enough to at least partially control chl a 
concentrations.  There was an inverse relationship between nauplii and chl a concentration in 
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 and around the Cmax.  Between the experiments documented here, the magnitude of the 
Cmax negatively correlated with numbers of nauplii and mesozooplankton.    
A large proportion of C in the system is produced by phytoplankton.  Hence, as 
potentially major grazers of phytoplankton, copepods play an important role in moving 
primary production to the next trophic level, even at locations of high phytoplankton 
abundance.  Copepods are a vital first link in the estuarine food web and determinant of the 
fate of primary productivity. This critical ecological role of these organisms necessitates 
understanding what structures their communities. 
5.1.4  Elemental content 
 Nutritional content of phytoplankton as a factor controlling copepod growth and 
reproduction in the NRE was supported in these studies.  The stoichiometry of the food 
source (phytoplankton), both C:N and C:P, can strongly affect the zooplankton, whereby 
poor food quality limits copepod populations.  Even though phytoplankton growth is 
generally N-limited, both N and P addition can change the relative nutrient content of the 
phytoplankton.   
Much attention is paid to the fact that phytoplankton are often N limited in the Neuse 
since phytoplankton are the focus of most water quality analysis.  However, this research 
suggests both N and P play a critical role in production by the next trophic level, copepods.  
Phytoplankton C:N and C:P content are potentially able to drive copepod population success 
in the Neuse.   
5.1.5  Timing and temperature: reproduction rates 
 Timing plays a key role in the accumulation and fate of phytoplankton.  High chl a 
concentrations result from rapid spurts in growth that take place when growth-limiting 
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 factors are alleviated (Falkowski and Raven 1997).  Phytoplankton growth rates (doubling 
times of hours to days) far outpace copepod growth rates (days to weeks) (Falkowski and 
Raven 1997, Lampert 1997).  The lag time between prey and predator reproduction times 
allows phytoplankton blooms to proliferate unchecked early in their formation if copepod 
abundance is low (Geyer et al. 2000).  Phytoplankton can only be moderated by grazing 
activity after the zooplankton population catches up.   
Large numbers of nauplii indicate that the copepod community has persisted long 
enough for these organisms to grow and reproduce.  A thriving copepod population with a 
wealth of nauplii would be expected to temper phytoplankton abundance.  Indeed, when 
nauplii abundance was found to be high in the bioassays discussed herein, phytoplankton 
communities appeared to be moderated (Fig. 20). 
Timing on longer scales influences bloom formation and trophic transfer.  Seasonally, 
the ecological role of timing often manifests as temperature effects.  All levels of marine 
trophic hierarchies are affected by temperature (Geyer et al. 2000).  Metabolic rates of 
organisms are particularly sensitive to temperature but not all organisms' metabolic rates are 
affected equally (Geyer et al. 2000).  Copepod growth rate, much more than phytoplankton 
growth rate, is largely controlled by temperature (Huntley and Lopez, 1992).  Because of 
this, temperature is particularly relevant to studying the effects of nutrient inputs with respect 
to the synchrony of phytoplankton and zooplankton growth.  Although only peripherally 
addressed in this research, seasonality no doubt modifies many ecological interactions in 
NRE trophic transfer.   
The interactions tailored by the disparity between zooplankton and phytoplankton 
growth rates are further complicated by the physical effects of blooms, such as low bottom 
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 water oxygen.  Copepod population growth has been shown to decrease under chronic 
exposure to low oxygen (Richmond et. al. 2006).  In the Neuse during oxygen stratified 
conditions, Taylor and Rand found copepods to be more dense in hypoxic bottom waters 
(2003).  Phytoplankton blooms, which can cause a decrease in bottom water oxygen, can 
contribute to an even greater gap between phytoplankton and zooplankton growth rates in 
these conditions.  In estuaries, the roles zooplankton growth rates play in phytoplankton 
accumulation, sinking, and trophic transfer are potentially significant but poorly understood.  
5.2 Hypothesized Trophic Transfer Model 
This research provides clues to the connection between chl a distribution and 
zooplankton abundance and success.  Accounting for nutrient inputs and food quality, this 
section is a hypothesized conceptual model of the cycle of phytoplankton/ zooplankton 
growth in the NRE.   
5.2.1 Early in the bloom 
High supply rates of limiting nutrients are required for large-scale phytoplankton 
production, and hence Cmax formation/accumulation (Falkowski and Raven 1997).  Early in 
the process of bloom formation, when nutrients are high, particulate C: nutrient ratios are 
low.  This favors zooplankton success by supplying an abundant, high quality food source.  
Early in the bloom, nutritious food facilitates copepod production, allowing the zooplankton 
to have adequate nutrients for efficient growth and reproduction.   
 Depending on the timing of the bloom, the extent of nutrient availability, and the 
nutrient uptake rates of the phytoplankton, copepods may have sufficient time to produce 
eggs and nauplii within the time span of the bloom.  Along with increased food quality, 
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 increased food supply spurs zooplankton reproduction, producing large numbers of nauplii.  
High copepod production starts to catch up with the phytoplankton growth, and at this point 
chl a concentrations begin to be moderated by grazing.   
5.2.2 After nutrients have been exhausted 
At some point in this cycle, nutrients are depleted by the dense phytoplankton.  The large 
phytoplankton community continues to grow, eventually resulting in high particulate C: 
nutrient ratios in the phytoplankton.  When zooplankton populations achieve high 
abundances, phytoplankton likely have exhausted the available nutrients.  Due to 
stoichiometric deficiencies, the phytoplankton at this point are poor quality food with high C 
relative to nutrient content.   
When consuming large amounts of C relative to nutrients, grazers retain more of the 
consumed nutrients and relatively less C (Kiǿrboe 1989, Anderson 1994).  In order to 
maintain homeostasis, much of the consumed 'junk food' carbon (poor quality phytoplankton) 
goes to waste in fast sinking fecal pellets because of the mismatch between consumer and 
prey elemental composition (Anderson 1994, Hessen et al. 2004, Anderson et al. 2005).  Poor 
quality food necessitates the now large population of copepods and nauplii to consume more 
food per capita than before (during high quality food conditions) for the same amount of 
growth.  Like unconsumed phytoplankton, the carbon in the fecal pellets sinks to the bottom 
and can enhance hypoxia and eutrophication (Paerl 1998).  
 More phytoplankton C is converted to fecal pellets than is retained for growth and 
reproduction under poor food quality conditions than under nutritious food conditions 
(Johannes and Satomi 1966, Honjo and Roman 1978, Anderson 1994, Frangoulis et al. 2005, 
Gulati and DeMott 1997, Anderson 1992).  The excess C packaged into fecal pellets quickly 
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 sinks, transporting the consumed C that has gone to waste to the bottom (Fowler and Knauer 
1986, Frangoulis et al. 2005).  At this point, fecal pellet production is high not only because 
there is a large population of zooplankton, but also because food quality has declined (Gulati 
and DeMott 1997, Frangoulis et al. 2005, Anderson 1992).   
 The efficiency of copepods to graze down blooms is superior to some other zooplankton 
species because their waste products are exported out of the photic zone (Frangoulis et al. 
2005).  These organisms' fecal pellets have high sinking speeds, faster than other 
zooplankton and pelagic organisms including phytoplankton and fish (Fowler and Knauer 
1986).  Once copepod fecal pellets sink into the bottom waters, the nutrients contained in 
them are, in the short term, no longer available to the phytoplankton (Frangoulis et al. 2005).  
Copepods' waste production results in expeditious C and nutrient transport to the bottom 
waters.  Alternately, other zooplankton may graze, produce waste, and decompose all within 
the photic zone, allowing nutrients temporarily stored in the zooplankton to more quickly be 
available to the phytoplankton (Frangoulis et al. 2005).   
5.2.3 Bloom timing 
Although the durations of the Cmax events in this study were not quantified, it is 
possible that some Cmax found to have moderate chl a concentrations are Cmax that have 
persisted the longest, having once had higher chl a concentrations that were moderated by 
grazing over time.  Given the fast growth rates of phytoplankton, very high chl a levels can 
be reached in a very short amount of time.  Once significant copepod production occurs, 
grazing could control the bloom.  Possibly those Cmax'es having the highest concentrations 
of chl a have only recently been formed and have not yet been affected by zooplankton 
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 grazing.  Overall, regardless of bloom duration, copepods appear to, at least in part, 
determine the magnitude and persistence of the Cmax by grazing and waste packaging.   
Temperature, constraining factors of growth rates, nutrient availability, physical forcing, 
and frequency and magnitude of nutrient pulses are some of the factors that may prove to 
structure NRE trophic transfer very differently than in the hypothesized model above. As our 
knowledge of trophic interactions at this area of high productivity increases, interaction 
dynamics will become clearer. More research is needed to test this and other conceptual 
models of C and nutrient cycling in the Neuse. 
5.3 Trophic transfer function in estuaries: nutrient load changes 
The process of trophic transfer serves three functions in estuaries: 1) moving biomass up 
the food chain 2) moving C (and nutrients) from estuaries to the coastal ocean that would 
otherwise remain in the system (potentially fueling or relieving symptoms of eutrophication), 
and 3) packaging C (and nutrients) and transporting it to the sediments.  The transfer of C 
and nutrients through the food web is essential to higher trophic level success and C removal 
from the estuary.  The removal of C from the system via transfer up the food web minimizes 
C sinking to bottom waters and hence reduces C retained in the system.  C reaching the 
bottom waters can increase bottom water hypoxia and other water and habitat quality 
problems (Paerl et al. 1995, Paerl et al. 1998, Paerl et al. 2004). 
 Nutrient loading to the system is influenced by climatic and anthropogenic perturbations 
(Paerl et al. 1998, Borsuk, et al. 2004, Valdes-Weaver et al. 2006).  These perturbations may 
change not only gross nutrient inputs to the system but the frequency and magnitude of 
loading episodes as well.  More frequent or elevated nutrient pulses to the system alter the 
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 dynamics of phytoplankton production, possibly allowing for more rapid phytoplankton 
growth or more localized growth.   
The effect of this may be a temporally or spatially compacted cycle of sequential 
boom/bust phytoplankton and zooplankton populations.  If phytoplankton growth rate was 
increased, the natural imbalance between consumer and prey growth rates would be 
amplified.  Increased lag time between bloom formation and bloom moderation by grazing 
would lead to less trophic transfer and more C retained in the system.  Senesced unconsumed 
phytoplankton (C) would sink to the bottom or be recycled in the water column.  That C 
would hence be retained in the system.   
Temperature's strong influence on zooplankton growth rate inherently makes seasonality 
a determinate factor of any zooplankton trophic interaction cycle (Huntley and Lopez 1992).  
The trophic response to bloom frequency or magnitude change would be disparate season to 
season.  Directional or proportional trophic response to altered phytoplankton growth cycles 
is difficult to predict.    
The above is one of many in a diverse suit of possible trophic consequences of altered 
climatic or anthropogenic nutrient loading.  The theoretical implications of faster growing 
phytoplankton blooms, on copepod carbon cycling alone, are too numerous to discuss here.  
Exercises such as the conceptual model above will continue to be academic until our limited 
knowledge of secondary trophic production in this system can be expanded.  
5.4 Future Directions 
The quantity, frequency and relative amounts of N and P supplied to the estuary 
potentially have cascading effects on higher trophic levels and food web-mediated water 
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 quality feedbacks.  Specifically, the NRE zooplankton-phytoplankton interactive mechanisms 
are likely a function of nutrient concentrations, nutrient supply ratios, temperature, and 
zooplankton food quality as well as quantity.  This study showed estuarine phytoplankton 
quality is linked to nutrient input ratios, and grazer food quality is important to copepod 
growth.   However, much more exploration into the responses and patterns of secondary 
production under nutrient regime changes is needed (Ptacnik et al. 2005).  Alongside other 
human induced ecosystem perturbations, stoichiometric input patterns merit attention 
(Ptacnik et al. 2005).   
Nutrient management plans should encompass more than just monitoring and eventually 
controlling primary production responses.  Incorporation of trophic consequences and 
controls is necessary.  Because copepods are essential links in the estuarine food web and 
appear to be capable of controlling chl a concentrations, the effects nutrient pollution has on 
the quality of copepod food requires consideration.  Copepods are not unique in their 
sensitivity to C:N:P ratios.  Many other secondary producers in the NRE are likely influenced 
by food quality as well (Sterner and Elser 2002).  For trophic transfer to be calculated into 
conservation strategy, C cannot be the single currency of ecosystem-wide predictions.  Both 
N and P, not just input but fate, must be considered to ensure ecosystem services (Paerl et al. 
2004, Ptacnik et al. 2005). 
By adding the dimension of food quality to food quantity, the non-linear responses of 
estuarine systems to anthropogenic nutrient inputs can be more accurately assessed and 
predicted, while management strategies can be streamlined for more efficient mitigation of 
environmental problems (Sterner and Elser 2002, Anderson et al. 2004, Ptacnik et al. 2005).  
Existing food chain analysis in the estuary can be improved by adding stoichiometric 
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 relationships. This will provide a more accurate basis for ecological forecasting of population 
dynamics (Moe et al. 2005, Yoshida 2005).  Further experiments designed to test copepod 
responses to both food quality and quantity are critical.  Specifically, experiments on time 
frames and scales more relevant to mesozooplankton are necessary. 
If research can illuminate these dynamics, simple measurements of parameters such as 
particulate and inorganic nutrients could allow more straightforward assessments of estuarine 
trophic linkages based on nutrient inputs, phytoplankton nutritional content, and zooplankton 
abundance.  Although resolution of these linkages is presently far from accomplished, it will 
lead to an improved understanding of trophodynamics in this and other critical estuarine 
ecosystems, and serve to advance ecosystem models capable of predicting trophic level 
responses to future nutrient input changes (Moe et al. 2005).   
Highly significant ramifications for the NRE ecosystem may result from Cmax 
formations and dissipation.  Cmax dynamics, trophic transfer, and C transportation to the 
bottom waters should be investigated over longer time scales in order to assess the results of 
management strategies aimed at reducing the deleterious effects of nutrient enhanced 
eutrophication.   
Some characteristics of the Cmax and surrounding waters have been identified but the 
causes of the Cmax itself are still poorly understood and require close examination (Paerl et 
al. 1995, Luettich et al. 2000, Valdes-Weaver 2006).  The long term NRE water quality 
dataset (ModMon) is ideal for further investigating the water quality conditions leading to 
and consequences of the NRE Cmax (Valdes-Weaver et al. 2006).  This >15 year dataset 
includes bi-weekly measurements down the length of the estuary of chl a, temperature, 
salinity, pH, turbidity, light attenuation, dissolved inorganic nutrient and organic C 
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 concentrations, particulate C and N concentrations, and phytoplankton pigment analysis ( 
Pinckney et al. 1998, Luettich et al. 2000, Reckhow and Gray 2000, Valdes-Weaver et al. 
2006).   
If the correlation between salinity and Cmax location proves to be consistent (Cmax 
located between 2-5 salinity units), research of estuarine mixing zones and turbidity maxima 
will be invaluable in the understanding of this highly productive region of the NRE (Geyer 
2000, Roman et al. 2001, Winkler et al. 2003, Islam 2006, and others).  Using USGS stream 
flow data (from the Kinston, NC gauging station 02089500), in conjunction with the 
ModMon dataset, will allow further research comparing Cmax location/duration and climate 
forcing (Valdes-Weaver et al. 2006).  Statistical inquiry into the dataset is likely to reveal 
strong chemical and physical patterns focused at the Cmax.  Predictions can be tested such 
as: 1) Cmax migration up and downstream strongly correlates with stream flow, 2) DIN 
concentrations are drastically reduced at the Cmax and remain low from that point to the 
mouth of the estuary, and 3) Cmax occur in the river more than 50 % of the time. 
In summary, water quality management and trophic transfer research can be facilitated 
by recognizing that the NRE has a patterned distribution of chl a.  Large scale analysis of 
trophic interactions must incorporate stoichiometric food web controls, specifically the 
effects nutrient pollution has on secondary producer food quality.  The next step in this 
research will be to examine and evaluate patterns in the long-term dataset so that mechanisms 
underlying complex interactions between the physical, chemical, and biological factors and 
Cmax dynamics can be revealed. 
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